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Background 



Silverbrook's bilithic Memjet™ printheads are the target printhcads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements in the target systems. It also defines a set of terms used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printheads and their 
systems, with regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [1] for the complete description of the func- 
tionality of these devices. 

This document relies on certain definitions arid details presented in Bilithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1.1 



Companion Documents 



1.2 



Readership 
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2 Definitions 



This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anticlockwise, with 
the printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being'on the left 
or the right of V + where K + is at the top of the printhead). 

• Frimhead Arrangement - Evcn ^ough there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow in either direction with 
respect to the printheads, there are a total of eight possible arrangements, e.g 
Arrangement 1 has a Type 0 printhead on the left with respect to the paper flow, and 
a Type 1 printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Co)or Q is always the first color plane encountered by the paper. 

• Dolfi is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 different possible printhead types. Type 0 is identical to the Rjoht 
Pnnthead presented in Figure 3 in [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 
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While the primheads shown in Figure 1 look to be of equal width (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
printheads may be used 
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Figure 1. Printhead Types 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 



Tabie 1. Definition of the different printhead arrangements 
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Type 1 


Arrangement 2 


Type 1 


Type 0 
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Type 2 
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Type 6 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printheads 

SET Tf\ on t c same side ofaa A4 (or wider > ™<> «* ™ 

TVpe 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them, Arrangement 1 and Arrangement 2for 
purposes of illustration. These two arrangements are discussed in subsequent sections of 
this document. However, the other 6 possibilities also need to be considered. 

The main difference between the two printhead arrangements discussed in this document 
is the direction of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Arrangement 2, in order to render the page correctly 
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3.1 Example 1 : Printhead Arrangement 1 



Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 



Type 0 Printhead 



v+ 



Type 1 Printhead 




The printheads are facing downwards. 
The ink is being shot down onto the page. 



Gnd 



i 



Direction 
of Paper Flow 



Figure 2. Identification of printheads nozzles and shfft-register sequences for 
printheads in Arrangement 1 
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Tabic 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order in which the even and odd dots are loaded for printhead Arrangement 



^^^^^^^^^ 






Odd 


Loaded second in 
descending order. 


Loaded first in 
descending order. 


Even 


Loaded first in 
ascending order. 


Loaded second in 
ascending order. 



Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the printheads in Arrangement 1 

Figure 4 and Figure 5 show the way in which the dot data needs to be loaded into the print- 
heads tn Arrangement 1, to ensure that color 0-dot 0 appears on the left side of the printed 
page. 

SrClk 



Figure 4. Signalling for a Type 0 printhead in Arrangement 1 
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Figure 5. Signalling for a Type 1 printhead In Arrangement 1 
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3.2 Example 2: Printhead Arrangement 2 



Figure 6 shows an Arrangement 2 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type I printhead is on the left with respect to the direction of the paper flow. 

• The lype 0 printhead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 



Type 0 Printhead 
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of Paper Flow 
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IVpe 1 Printhead 




Gnd 



Figure 6. Identification of printheads nozzles and shrft-register sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color O-dot 0 appears on the left side of the printed page. 

Table 3. Order in which the even and odd dots are loaded for printhead Arrangement 







mamm 

j^w^it^onTfthe^loft^g 


Odd 


Loaded first in 
descending order. 


Loaded second in 
descending order. 


Even 


Loaded second in 
ascending order. 


Loaded first in 
ascending order. 



Figure 7 shows how the dot data is demultiplexed within the printheads. 

■tear 

Type 0 Printhead Type 1 Printhead 
Jfc. 
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Figure 7. Demultiplexing of data within the printheads In Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 2, to ensure that color O-dot 0 appears on the left side of the printed 
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Figure 8. Signalling for a Type 0 printhead in Arrangement 2 
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Figure 9. Signalling for a Type 1 printhead in Arrangement 2 
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3.3 Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement 1 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 

From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on the arrangement. Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangement. 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes in either ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to 
the printhead. 
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Figure 10. All 8 Printhead Arrangements 
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Table 4. Order in which even and odd dots and planes are loaded into the various 
printhead arrangements 









Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 


Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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1.0 Basic Requirements 

To create a two part printhead, of A4/Letter portrait width to print a page in 2 seconds. 
Matching Left/Right chips can be of different lengths to make up this length facilitat- 
ing increased wafer usage, the left and right chips are to be imaged on an 8 inch wafer 
by "Stitching" reticle images. 

The memjet nozzles have a horizontal pitch of 32 um, two rows of nozzles are used for 
a single colour. These rows have a horizontal offset of 16 um. This gives an effective 
dot pitch of 16 um, or 62.5 dots per mm, or 1587.5 dots per inch, close enough to mar- 
ket as 1 600 dpi. 

The first nozzle of the right chip should have a 32 um horizontal offset from the final 
nozzle of the left chip for the same color row. There is no ink nozzle overlap (of the 
same colour) scheme employed. 

1.1 Power Supply 

Vdd/Vpos and Ground supply is made through 30 um wide pads along the length of the 
chip using conductive adhesive to bus bar beside the chips. Vdd/Vpos is 3.3 Volts. 
(12V was considered for Vpos but routing of CMOS Vdd at 3.3V would be a problem 
over the length of the chips, but this will be revisited). 

1.2 MEMS cells 

The cunent memjet device requires I80nJ of energy to fire, with a pulse of current for 
1 usee. Assuming 95% efficiency, this requires a 55 ohm actuator drawing 57.4 mA 
during this pulse. 

1.2.1 ISSUE!!! 

For 1 pages per 2 second, or -300 mm * 62.5 (dots/mm) / 2 sec ~= 10 kHz or 100 usee 
per line. With 1 usee fire pulse cycle, every 100th nozzle needs to fire at the same time, 
(looking ahead) We have 13824 nozzles across the page, so we fire 1 38 nozzles at a 
time. That is about 8 Amperes if all nozzle fire. 

That is 8 Amperes is for only 1 colour! 16A * 6 colours = 96 A for all colours. 

How many colours could print at the same time. CMYK colour space requires on 2 col- 
ours at the time are required, to create map any colour (saturated, full bleed back- 
ground). But the fixative ink us also required, and 12% coverage of InfiuRed ink, 
means 3. 1 2 inks would be a the "best" worst case. Unfortunately, the peak could be all 
6 inks, as colours are not aligned to print the same point at the same time. 

With a 138 nozzles * 3.12 inks firing at the same time, at 180 nj each in 1 usee the 
memjet nozzle will average (138*3. 12*180)/1000 = 78 W running a full speed.' 
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1.2.2 64um unit cell height 

This cell would have 4 line spacing between the odd and even dots, and 8 line spacing 
between adj acent colours. 

1.23 80 urn unit cell height 

This cell would have 5 line spacing between the odd and even dots, and 10 line spacing 
between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 um unit cell 

Left and Right Chip. This version will not be prototyped. 

1.3.2 6 Colour 160Q dpi with 80 um unit cell 

Left and Right Chip. 

1.3.3 4 Colour 800 dpi with 80 um unit cell 

For camera application. Single nozzle row per colour. 
This version will not be prototyped. 

1.4 Air Supply 

Air must be supplied to the MEMS region through holes in the chip. 

2.0 Head Sizes 

The combined heads have 1 3 824 nozzles per colour totalling 22 1 . 1 84mm of print area. 
Enough to provide full bread for A4 (210 mm) and Letter (8.5 inch or 21 5.9 mm). 



TABLE 1. Head Combinations 



Left 


Head 


Right Head 


Stitch Parts 


Nozzles per Colour 


Stitch Parts 


Nozzles per Colour 


8 


11160 


2 


2664 


7 


9744 


3 


4080 


6 


8328 


4 


5496 | 


5 


6912 


5 


6912 


4 


5496 


6 


8328 | 
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TABLE 1. Head Combinations 



Left 


Head 


Right Head 


Stitch Parts 


Nozzles per Colour 


Stitch Parts 


Nozzles per Colour 


3 


4080 


7 


9744 


2 


2664 


8 


11160 



Nozzles per Colour is calculate as (("Stitch Parts" -1)*1 18+104)*12. Nozzles per xo> 
is half this value. Most likely the 8:2 head set will not be manufactured. My current 
wafer layout, manages to avoid this set, without any loses. 



3.0 Interface 



Each print head has the same I/O signals (but the Left and Right versions might have a 
different pin out). Pins marked as common can be controlled by the signal from the 

TABLE 2. I/O pins 



Name 


I/O 


Function 


Common 


Max 
Speed 
(MHz) 


Data [0-1] 


I 


Dot data for colours 0 - 5, using Differential Signalling 
(DataL the complementary signal), colours[0-2] on 
Data[0], colour[3-5] on Data[l] 


No 


300 


o 


Feedback for CMOS testing (LSyncL^l , ReadL=0) 
and (LSyncL=0, ReadL=0) 
(0] - nozzle test result 
[1] - temperature 




DataL[0~l] 


I 


complementary signal of Data[0-1] 


o 


Feedback for CMOS testing {LSyncL=\ , ReadL=0) 
and (L£yncL=0, ReadL=0) 

0] - nozzle test result 

1] - temperature 


SrClk 


I 


Dot data shift clock using Differential Signalling 
(SrClkL the complementary signal) 


No a 


600 b 


SrClkL 


I 


complementary signal of SrClk 


ReadL 


I 


Data[0-lJ/DataL[0-l] in output mode (driving non-dif- 
ferential) 


Yes 


1 


FrClk 


[ 


Fire pattern shift clock 


Yes 


1 


Pr 


[ ] 


Pulse Profile for all colours 


Yes 




LsyncL 


[ < 


3 - Capture dot data for next print line 1 


Yes ( 


).l d 



a. Functionally could be common, but for timing/electrical reasons should run point to point. 

b. 300 MHz clock, so edges are 600 Mhz rate 

c. 1 MHz cycle, but the resolution of the mark/space ratio may require 50 ns. 
d 10 kHz cycle, with minimum low pulse of 10 ns (no maximum). 

controller (SOPEC). 
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3-1 Dot firing 

To fire a nozzle, three signals are need. A dot data, a fire signal, and a profile. When all 
signals are high, the nozzle will fire. 



FIGURE 1. Print head structure 

R3 



w 

TO 

CL 




The dot data is provide to the chip through a dot shift register with input Datafx], 
and clocked into the chip with SrClk. The dot data is multiplex on to the Data signals, 
as Dot [0-2] on DatafO], and Dot [3-5] on Data[2]. After the dots are shifted into the ' 
dot shift register, this data is transfer into the dot latch, with a low pulse in 
LsyncL. The value in the dot latch forms the dot data used to fire the nozzle. The use 
of the dot latch allows the next line of data to be loaded into the dot shift register, 
at the same time the dot pattern in the dot latch is been fired. 

Across the top of a column of nozzles, containing 12 nozzles, 2 of each colour (odd and 
even dots, 4 or 5 lines apart), is two fire register bits and a select register bit. The 
fire registers forms the fire shift register that runs length of the chip and back 
again with one register bit in each direction flow. 
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FIGURE 2. Column Structure 
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r 

Dot[2J 
SrClk 2 



Dot[1] 
SrCI^ 

DotfO] 
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The select register forms the Select Shift Register that runs the length of the 
chip. The select register, selects which of the two fire registers is used to enables 
this column. A «<)* in this register selects the forward direction fire register, and a * P 
selects the reverse direction fire register. 

The third signal need, the profile, is provide for all colours with input Pr across the 
whole colour row at the same time (with a slight propagation delay per column). 
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3.2 Dot Shift Register Orientation 



The left side print head (chip) and the right side print head that form complete bi-lithic 
print head, have different nozzle arrangement with represent to the dot order mapping 
of the dot shift register to the dot position on the page. 

FIGURE 3. Print head dot shift register dot mapping to page 
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Section A-A Through Even nozzles 
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Left Print Head - (n-m) nozzles 
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Right Print Head - m nozzles 
With this mapping, the following data streams will need to provided. 







Left Head 


Right Head 


Size 


n-m 


dot order 


m 




7:3 


9744 


[13822,13820,13818,...,4084,4082,4080,] line y+5 
[4081,4083,4085,....,13819,13821, 13823] line y 


4080 


[1,3,5,...,4075,4077,4079,] line y+5 
[4078,4076,4074 4,2,0] line y 


6:4 


8328 


[13822,13820,13818,...,5500,5498,5496,] line y+5 
[5497,5499,5501,....,1381 9,13821,13823] iiney 


5496 


[1,3,5,...,5491, 5493 ,5495,] line y+5 
[5494,5492,5490,....,4,2,0] line y 


5:5 


6912 


[13822,13820,13818,...,6916,6914,69I2,] line y+5 
[6913,6915,6917,....,13819,13821, 13823] line y 


6912 


[1,3,5,.. .,6907,6909,69 11 J line y+5 
[6910,6908,6906,....,4,2,0] line y 


4:6 


5496 


[13822,13820,1 381 8,...,8332,8330,8328,] line y+5 
[8329,8331,8333 ,13819,13821,13823] line y 


8328 


[1,3,5,...,8323,8325,8327,] line y+5 
[8326,8324,8322,....,4,2,0] line y 


3:7 


4080 


[13822,13820,13818,...,9748,9746,9744,] line y+5 
[9745,97447,9749,....,13819,13821, 13823] line y 


9744 


[1,3,5,...,9739,9741,9743J line y+5 
9742,9740,9738,....,4,2,0] line y 



The data needs to be multiplex onto the data pins, such that Data[0J has {(CO, CI, C2), 
(CO, CI, C2)....} in the above order, and Data[l] has {(C3, C4, C5), (C3, C4, C5)....}.' 

Figure 4 shows the timing of data transfer during normal printing mode. Note SrClk 
has a default state of high. If there are L nozzles per colour, SrClk would have 3L 
pulses (and 3Z+1 rising edges). 
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FIGURE 4. Data Timing During Printing 

Data[OJ <Cy)(cv) (^^ 
Data[1] 

SrClk 

LSyncL 



Data requires a setup and hold about the falling edge of SrClk. SrClk default state is 
high (needs to return to high after the last data of the line). LSyncL rising requires 
setup to the first rising SrClk, and must stay high during the data transfer. 

3.3 Fire Shift Register 

The fire shift register controls the rate of nozzle fire. If the register is full of ' T s then 
the you could print the entire print head in a single FrClk cycle. You do not want to do 
that (4800A)! 

Ideally, a ' V is shifted in to the fire shift register, in every /2 th position, and a '0' in all 
other position. In this manner, after n cycle of FrClk, the entire print head will be 
printed. 

The fire shift register and select shift registers allow the generation of a hori- 
zontal print line that on close inspection would not have a discontinuity of a "saw 
tooth" pattern, Figure 5 a) & b) but a "sharks tooth" pattern of c). 

FIGURE 5. Print quality 




a) Printing every n th dot with all zero's in the fire select shift register 




b) Printing every /I th dot with all one's in the fire select shift register 




c) Printing every #i th dot with n zero's then n one's in the fire select shift registers 



This is done by firing 2 nozzles in every In group of nozzle at the same time starting 
outer 2 nozzles working towards the centre two (or the starting from the centre, and 
working towards the outer two) at the fire rate controlled by FrClk. 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 



FIGURE 6. Fire and Select Shift Register setup for printing 

..O00O00O. ...000X111111 1110000000 0001111111 



fire shift 
register 



111 select shift reg 



The pattern has shifted a T into the fire shift register every n th positions (where n is 
usually is a minimum of about 100) and n M's, followed n *0's in the select shift 
register. At a start of a print cycle, these patterns need to be aligned as above, with the 
"1 000..." of a forward half of fire shift register, matching an n grouping of * V or 
*0's in the select shift register. As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of 4 V or 'O's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n ' 1 's (or '0's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 



.1110000000 0001111111. . . .111 

Left Print Head Fire/Select SR 



1111111. . . .1110000000 0001111111 

Right Print Head Fire/Select SR 



Since the two chips can be of different lengths, it makes initialisation of these pattern 
difficult. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, nlen(14) and count(14) and b(1). These registers are 
loaded serially through Data[0] y while LSyncL is low, and ReadL is high with FrClk, 



FIGURE 8. Fire Pattern Generation 



Fs_mrr 

clocked by FsClk 
a gated FrClk 




fire shift register 

clocked by Jsclk a gated FrClk 



select shift register 



clocked by SelClk a gated FrClk 



The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last. 
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The following table shows the values to programme the bi-lithic head pairs using a fire 
TABLE 4. Head Combinations Initialisation for n=100 



Nozzles 


Nozzles 
Lb 


n-1 


count A « 
(L A /2) mod n 
-1 


K 


b B 


rem= 
(L B /2) mod n 


' count B = 
(L A -L B +re/w) mod n 
-1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



r * vv . vwivumuvii aoouiji^d iiuiu rv uic lungcsi neaa or me pair 

and once the registers are initialised with LA FrClk cycles (ReadL='0\ LSyncL=*l'). 
rem would be the correct value for count B if chip B was only clocked (FrClk) L B 
times. But this chip will be over clocked L A -L B cycles. The values of b A and b B are 
either the same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. If (L A /2n) is even (and count A is non zero), then the final 
run in 'A's select shift register will be ! b A . If (L A -L B /2) mod n is even (and Count B is 
non zero) then the final run in 'B's select shift register will be !b B . 



FIGURE 9. Determining Select Shift Register value 

Head A 



La 



-> L A /2 select shift register length 



COUnt A +1 



Head B 




~* L B /2 select shift register length 



3.4 Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattern depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the line is printed in 8 cycles of FrClk. 
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FIGURE 10. Timing for printing Signals 

-4 



LsyncL 



ReadL 
Data 

SrClk 



FrClk 



Pr 



n_n_j~LTLJijn_Ji_rL 



ns 



3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL. As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Normal Print Mode 


SrClk=SrClk/3 

frclk=FrClk 

SelClk=0 

FsClk=FrClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result. 




1 


0 


Fire Load Mode 

• DatafOJ will shift through nlen, count and b with 
FrClk 


SrClk-X 

frclk-X 

SelClk*=X 

FsClk=FrClk 

Scan=l 

CoreScan^X 
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TABLE 5. Print Head Modes 



ReadL 


T.Svnrf 


Mode 


Internal 
Mapping 


0 


1 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SrClk=SrClk 

FrClk=FrClk 

SelClk^FrClk 

FsClk=FrClk 

Scan=0 

CoreScan~l 


A 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on Data [0-1] with SrClk 


0 


1 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
DatafOJ with FrClk. The sum of these bits represent 
the temperature of the chip. 


SrClk=OC ' 

frclk=0 

SelClk=0 

FsClk=0 

Scan=0 

CoreScan=X 


0 


0 


Nozzle Test Output 

• The result of a nozzle test is output on Data[l ]. 



3.5.1 Printing 



Figure 10 shows show timing for normal printing. During this action, we drop out of 
Normal Print Mode, to Dot Load Mode between line transfers. For printing to perform 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nlen, count and b are serially shifted from Data[0] clocked by FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
tune. Once this is done, mode is changed to Fire Initialise Mode, and further L A FrClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent unintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 
LsyncL 



ReadL 

Data A [0] ( b A ,lncn[13^],connt[(M3) A ) - 



DataelOl ( bg, lnenI13-0], count[0-l3J B > - 



SrClk 

FrC,k fUUUl 

Pr 



UUlil 



iUUU 



Fi>£ Load Mode 



+ L A cycles 



iwre Initialise Mode 



3.5.3 Nozzle Testing 



Nozzle testing is done by firing a single at a time a monitoring the DataflJ pin in the 
Nozzle Test Output mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 



FIGURE 12. Nozzle Test Latching Circuit 
,LSyncL&! ReadL 




Vdd 



Testout 



This circuit is initialised when ever LSyncL is high and ReadL is low (Reset Nozzle 
Test mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low (Nozzle Test Output 
mode) the Testout of the first nozzle column is output on DataflJ. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition from high to low. 



Bi-lithic Printhead Specification Confidential Silverbrook Reaeareh. 4 September 2002 



12 



FIGURE 13. Nozzle Testing 
LsyncL 



ReadL 

waiBH r 

FrClkGKI 



Pr 



Set up Test 



Reset Nozzle Test Mode 



V 



JL 



Nozzle Test Output 
Mode 



Set up 
Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101... for the odd nozzles (0's for all other colours), and set up a 
fire pattern with n = L A /2. With this fire pattern only one nozzle will fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a single FrClk will advance to next 
nozzle, then Reset and Test. After L A /2 cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
L A /2 cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 



3.5.4 Temperature Output 

This mode is not well defined yet. In this mode, Data[0] will output a series of ones 
and zeros clocked by FrClk. After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocking frequency in this 
mode it expected to be in the range 10kHz - 1MHz. 
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FIGURE 14. Temperature Reading 
LsyncL | 



ReadL I 



Data[0] — Q 
SrClk 



FrClk 



Pr 



The Frequency of FrClk and the number of cycles need to be programmable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 

3.5,5 CMOS Testing 

CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data [0- 1] pins. 
Much like the nozzle test mode, the nozzles are fired while LSyncL is low, but during 
the firing SrClk will be cycle, and the dot shift register will load the signal that 
would fire the nozzle. Once capture, the result can be shifted out. 

FIGURE 15. CMOS Testing 
LsyncL - ~"~ 



ReadL" 

Data 

SrClk|| 
FrClkR 

Pr 



Set up Test 



Jl 



Dot Load Mode 



CMOS Test Output Mode 



The Dot Load Mode above violates normal printing procedure by firing the nozzles 
(Pr) and modify the dot shift register (SrClk). 
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4.0 Reticle Layout 

To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 

FIGURE 16. Reticle Layout 



20 mm max. 



wmmm 



3 mm 



The top edge of Area 2, pad end contains the pads that stitch on bottom edge of Area 1, 
core. Area 1 contains the core array of nozzle logic. The top edge of Area 1 will stitch 
to the bottom edge of itself. Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area 1 . The butt end to used to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2, Area J 
Area I...., Area 2. Only the pad end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the BUTT end on the wafer. 
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FIGURE 17. Stepper Pattern on Wafer 




4.1 TSMC U-Frame requirements. 

TSMC will be building us frames 1 0 mm x 0.23 mm which will be placed either side of 
both Area 1 and Area 2. 



TSMC requires 6 mm area for blading between the two exposure area. This translates 
to 3 mm on the reticle, as some recticles are 2x size, while most are 5x, the worst case 
must be used. 
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1 Introduction 

1.1 Document History 







mmm§. 




l.O 


29 NovemDer, zuoz 


Simon Walmsley 


Updated ChipA to be ChipR to match proto- 
cols document, got rid of 68k reference now 
that we are usino LEON 


1.5 


26 November. 2002 


Simon Walmstey 


Added description of storing more than a sin- 
gle SoPECJd key In a PRINTER_QA (In sec- 
uuii o.o.o dnu r tJiaiou^. i nts reduces ine cost 
of a mutti-SoPEC system with no loss of secu- 
rity. 

Also added text to describe that batch keys 
can be different for each SoPEC if the indirect 
upgrade key protocol Is used. 








1.4 


9 September. 2002 


Simon Walmsley 


Added section in requirements detailing types 
of attacks we care about and don't care about. 


1.3 


30 August, 2002 


Simon Walmsley 


Changed ComCo_OEM_xxxx variables Into 
simply xxxx variables, since that is more 
generic. Added text regarding ink refill. Added 
extra software authentication stage to prevent 
ComCos from fiddling with SoPEC software. 


1.2 


29 August. 2002 


Simon Walmsley 


Added section on how the PRINTER_QA chip 
gets programmed with the SoPECJd_key. 


1.1 


28 August, 2002 


Simon Walmsley 


Updated to have ink and operating parameters 
be authenticated via symmetric key based sig- 
natures based on a unique SoPECJd. 


1.0 


27 August, 2002 


Simon Walmsley 


Updated after review. 


0.2 draft 


26 August, 2002 


Simon Walmsley 


Changed public-key and private key refer- 
ences to asymmetric & symmetric respec- 
tively, so private can now sub-refer to the 
private key of the asymmetric pair, or the sin- 
gle private symmetric key. Changed OEM Jd 
into ComCo_OEM Jicensejd to more accu- 
rately reflect the scope of the id. 


0.1 draft 


26 August, 2002 


Simon Walmsley 


Initial issue. 



1.2 References 

[ 1 ] Silicon & Software Systems, 4-4-9-4 SoPEC Hardware Design, 

[2] Silverbrook Research, 4-2-1 -1 Print Engine Controller Hardware Design. 

[3] Silverbrook Research, 4-3-1-2 QA Chip Technical Reference. 

[4] Silverbrook Research, 4-3-1-8 QA Chip Programmer Requirements. 

[5] Silverbrook Research, 4-3-1-26 Authentication Protocols. 

1.3 Scope 

This document describes the basic security requirements of programs running on the 
SoPEC ASIC [I). It then describes an implementation solution to the security require- 
ments. 
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The described solution impacts the design of the SoPEC ASIC as well as implying key 
management issues. The solution includes references to the QA Chip ASIC [3] and associ- 
ated authentication protocols [5J. 

It is possible that some of the requirements and defined solution will be applicable to sys- 
tems built with the PEC ASIC [2], although such systems are beyond the scope of this 
document. 
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1.4 



Readership 



This document is written for software engineers and system architects that are working 
with SoPEC, as well as PCB designers that are responsible for SoPEC-based Print 
Engines. A similar audience working on PEC and PEC-based Print Engines may also find 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding requirements. 

This document is confidential to Silverbrook Research Pty. Ltd. and its distribution out- 
side this organisation must be covered by a non-disclosure agreement (NDA). 



The Authentication Protocols document [5] refers to QA Chips by their function in partic- 
ular protocols: 

• For authenticated reads, ChipR is the QA Chip being read from, and ChipT is the QA 
Chip that identifies whether the data read from ChipR can be trusted. 

• For replacement of keys, ChipP is the QA Chip being programmed with the new key, 
and ChipF is the factory QA Chip that generates the message to program the new key. 

• For upgrades of data in memory vectors, ChipU is the QA Chip being upgraded, and 
ChipS is the QA Chip that signs the upgrade value. 

Any given physical QA Chip will contain functionality that allows it to operate as an 
entity in some number of these protocols. 

Therefore, wherever the terms ChipR, ChipT, ChipP, ChipF, ChipU and ChipS are used in 
this document, they are referring to logical entities involved in an authentication protocol 
as defined in [5]. 

Physical QA Chips are referred to by their location. For example, each ink cartridge may 
contain a QA Chip referred to as an INK_QA, with all INK_QA chips being on the same 
physical bus. In the same way, the QA Chip inside the printer is referred to as 
PRINTER_QA, and will be on a separate bus to the INK_QA chips. 



1.5 



QA Chip Terminology 
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2 Requirements 

2.1 Security 

The basic functional security requirements are: 

• Silverbrook code and OEM program code co-existing safely 

• Silverbrook operating parameters authentication 

• OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 

The authentication requirements imply that: 

• OEMs and end-users must not be able to replace or tamper with Silverbrook program 
code or data 

• OEMs and end-users must not be able to call unauthorized functions within Silver- 
brook code 

• End-users must not be able to replace or tamper with OEM program code or data 

• End-users must not be able to call unauthorized functions within OEM program code 

• OEMs must be able to test products at their highest upgradable status, yet not be able 
to ship them outside the terms of their license 

• OEMs and end-users must not be able to directly access the print engine pipeline 
(PEP) hardware, the LSS Master (for QA Chip access) or any other peripheral block 
with the exception of operating system permitted GPIO pins and timers. 

2.1.1 Silverbrook code and OEM program code co-existing safely 

SoPEC includes a CPU that must run both Silverbrook program code and OEM program 
code. The execution model envisaged for SoPEC is one where Silverbrook program code 
forms an operating system (O/S), providing services such as controlling the print engine 
pipeline, interfaces to communications channels etc. The OEM program code must run in 
a form of user mode, protected from harming the Silverbrook program code. The OEM 
program code is permitted to obtain services by calling functions in the O/S, and the O/S 
may also call OEM code at specific times. For example, the OEM program code may 
request that the O/S call an OEM interrupt service routine when a particular GPIO pin is 
activated. 

A basic requirement then, for SoPEC, is a form of protection management, whereby Sil- 
verbrook and OEM program code can co-exist without the OEM program code damaging 
operations or services provided by the Silverbrook O/S. Since services rely on SoPEC 
peripherals (such as SCB, LSS Master, Timers etc) access to these peripherals should also 
be restricted to Silverbrook program code only. 

2.1 .2 Silverbrook operating parameters 'authentication 

A particular OEM will be licensed to run a Print Engine with a particular set of operating 
parameters (such as print speed or quality). The OEM and/or end-user can upgrade the 
operating license for a fee and thereby obtain an upgraded set of operating parameters. 

Neither the OEM nor end-user should be able to upgrade the operating parameters without 
paying the appropriate fee to upgrade the license. Similarly, neither the OEM nor end-user 
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should be able to bypass the authentication mechanism via any program code on SoPEC. 
This implies that OEMs and end-users must not be able to tamper with or replace Silver- 
brook program code or data, nor be able to call unauthorized functions within Silverbrook 
program code. 

However, the OEM must be capable of assembly-line testing the Print Engine at the 
upgraded status before selling the Print Engine to the end-user. 

2.1.3 OEM operating parameters authentication 

The OEM may provide operating parameters to the end-user independent of the Silver- 
brook operating parameters. For example, the OEM may want to sell a franking machine 1 . 

The end-user should not be able to upgrade the operating parameters without paying the 
appropriate fee to the OEM. Similarly, the end-user should not be able to bypass the 
authentication mechanism via any program code on SoPEC. This implies that end-users 
must not be able to tamper with or replace OEM program code or data, as well as not be 
able to tamper with the PEP blocks or service-related peripherals. 

2.1.4 Ink usage authentication 

Each OEM sells printers and ink to end-users according to a business model. For example, 
OEM, may provide ink at $A for a $B printer, while OEM 2 may sell the same featured 
printer at a higher price $A+$X, and provide the ink at a cheaper price $B-$Y. OEMj has 
a business model that relies on the fact that end-users of OEMj printers can only use 
OEMj ink, and likewise OEM 2 has a business model that relies on the fact that end-users 
of OEM 2 printers can only use OEM 2 ink. 

It is in the interest of both OEMj and OEM 2 that end-users cannot subvert the authentica- 
tion mechanism for ink. Otherwise the business models are compromised. 

It is also in the interests of the Memjet Group that OEMj and OEM 2 cannot subvert the 
authentication mechanism for ink, since the Memjet Group provides OEMs with printers 
under a license. agreement that the OEM will purchase ink from a designated ink supplier. 

2.2 Acceptable Compromises 

Since there is no protection physically built into the Memjet printheads, it is theoretically 
possible for someone (with enough time, money and incentive) to remove the printheads 
from the print engine, build their own SoPEC ASIC equivalent, write their own program 
code etc. It is impossible to guard against such an attack. 

We are really only concerned with commercial attacks, where there is a total compromise 
of printer operating parameter authentication and ink usage authentication. An example of 
such an attack is where the Silverbrook printing O/S is replaced by one that can be down- 
loaded from the internet, and this clone O/S allows usage of the print engine outside the 
license agreement. Whether the clone O/S is developed by a hacker or by a rogue OEM is 
not important it matters that any user can trivially upgrade the printer outside the terms 
of the license agreement. 



1. a franking machine prints stamps 
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If an end user takes the time and energy to hack the print engine and thereby succeeds in 
upgrading the single print engine only, yet not be able to use the same keys etc on another 
print engine, that is an acceptable security compromise. However it doesn't mean we have 
to make it totally simple or cheap for the end-user to accomplish this. 

Software-only attacks are the most dangerous, since they can be transmitted via the inter- 
net and have no perceived cost Physical modification attacks are far less problematic, 
since most printer users are not likely to want their print engine to be physically modified! 
This is even more true if the cost of the physical modification is likely to exceed the price 
of a legitemate upgrade. 

Finally, it should be noted that all OEMs are bound by license agreements that specify 
penalties if they attempt to reverse engineer or bypass the print engines. In countries 
where these agreements are enforceable by law, this at least provides a modicum of secu- 
rity. 



2.3 Implementation Constraints 

Any solution to the requirements detailed in Section 2. 1 must also meet certain impl< 
tation constraints. These are: 

• No flash memory inside SoPEC 

• SoPEC must be simple to verify 

• Silverbrook program code must be updateable 

• OEM program code must be updateable 

• Must be bootable from activity on USB or ISI 

• No extra pins for assigning IDs to slave SoPECs 

• Cannot trust the comms channel to the QA Chip in the printer (PRINTER_QA) 

• Cannot trust the comms channel to the QA Chip in the ink cartridges (INK_QA) 

• Cannot trust the ISI comms channel 
These constraints are detailed below. 



2.3.1 No flash memory inside SoPEC 

SoPEC is intended to be implemented in 0. 1 3 micron or smaller. Flash memory will not be 
available in any of the target processes being considered. Although Virage have a process 
independent flash cell, it is very large and effectively impractical for anything more than a 
few bits. 



2.3.2 SoPEC must be simple to verify 

All combinatorial logic and embedded program code within SoPEC must be verified 
before manufacture. Every increase in complexity in either of these increases verification 
effort and increases risk. 



Silverbrook program code must be updateable 

It is not possible nor even desirable to write a single complete operating system that is: 

• verified completely (see Section 2.3. 1) 

• correct for all possible future uses of SoPEC systems 

• finished in time for SoPEC manufacture 



Confidential November 29. 2002 



Silverbrook Research 



SoPEC Security Overview 



4-4-1-3 vl.6 



Therefore the complete Silverbrook program code must not permanently reside on 
SoPEC. It must be possible to update the Silverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes. In 
the best case, existing SoPEC users can download new embedded code to enable function- 
ality or bug fixes. Ideally, these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2.3.4 OEM program code must be updateable 

Given that each OEM will be writing specific program code for printers that have not yet 
been conceived, it is impossible for all OEM program code to be embedded in SoPEC at 
the ASIC manufacture stage. 

Since flash memory is not available (see Section 2.3.1), OEMs cannot store their program 
code in on-chip flash. While it is theoretically possible to store OEM program code in 
ROM on SoPEC, this would entail OEM-specific ASICs which would be prohibitively 
expensive. Therefore OEM program code cannot permanently reside on SoPEC. 

Since OEM program code must be downloadable for SoPEC to execute, it should there- 
fore be possible to update the OEM program code as enhancements to functionality are 
made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes. In 
the best case, existing SoPEC users can download new embedded code to enable function- 
ality or bug fixes. Ideally, these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2.3.5 Must be bootable from activity on USB or ISI 

SoPEC can be placed in sleep mode to save power when printing is not required. RAM is 
not preserved in sleep mode. Therefore any program code and data in RAM will be lost. 
However, SoPEC must be capable of being woken up from the host when it is time to print 
again. 

In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Master 
chip (e.g. the ISI Master could be SoPEC, and the comms is USB), and can send messages 
to other slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
the slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
the ISI. 

2.3.6 No extra pins to assign IDs to slave SoPECs 

In a single SoPEC system the host only sends data to the single SoPEC. However in a 
multi-SoPEC system, each of the slaves needs to be uniquely identifiable in order to be 
able for the host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) we are unable to store a slave ID 
(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be identical. 
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It is possible to assign n pins to allow 2 n combinations of IDs for slave SoPECs. However 
a design goal of SoPEC is to minimize pins for cost reasons, and this is particularly true of 
features only used in multi-SoPEC systems. We have 2 pins for inter-SoPEC communica- 
tions, and further pins would add to the cost. 

The design constraint requirement is therefore to allow slaves to be IDed via a method that 
does not require any extra pins. This implies that whatever boot mechanism that satisfies 
the security requirements of Section 2.1 must also be able to assign IDs to slave SoPECs. 

2.3.7 Cannot trust the comms channel to the OA Chip in the printer (PRINTER_QA) 

If the printer operating parameters are stored in the non-volatile memory of the Print 
Engine's on-board PRINTER_QA chip, both Silverbrook and OEM program code cannot 
rely on the communication channel being secure. It is possible for an end-user to replace 
the PRINTER^QA chip or subvert the communications channel. 

2.3.8 Cannot trust the comms channel to the OA Chip in the ink cartridges (INK_QA) 

The amount of ink remaining for a given ink cartridge is stored in the non- volatile mem- 
ory of that ink cartridge's INK_QA chip. Both Silverbrook and OEM program code can- 
not rely on the communication channel to the INK_QA being secure. It is possible for an 
end-user to replace the INK_QA chip or subvert the communications channel. 

2.3.9 Cannot trust the ISI comms channel 

In a multi-SoPEC system, or in a single-SoPEC system that has a non-USB connection to 
the host, a given SoPEC will receive its data over the ISI. It is quite possible for an 
end-user to insert a chip that subverts the communications channel (for example performs 
man-in-the-middle attacks). 
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3 Proposed Solution 



A proposed solution to the requirements of Section 2, can be summarised as: 

• Each SoPEC has a unique id 

• CPU with user/supervisor mode 

• Memory Management Unit 

• Specific entry points in O/S 

• Boot procedure, including authentication of program code and operating parameters 

• SoPEC ISI identification 

3.1 Each SoPEC has a unique id 

Each SoPEC needs to contains a unique SoPECJd of minimum size 64-bits 1 . This 
SoPEC Jd is used to form a symmetric key unique to each SoPEC: SoPECjd_key. 

The verification of operating parameters and ink usage depends on SoPECJd being diffi- 
cult to determine. Difficult to determine means that someone should not be able to deter- 
mine the id via software, or by viewing the communications between chips on the board. 
If the SoPECJd is available through running a test procedure on specific test pins on the 
chip, then depending on the ease by which this can be done, it is likely to be acceptable. 

It is important to note that in the proposed solution, compromise of the SoPECJd leads 
only to compromise of the operating parameters and ink usage on this particular SoPEC. It 
does not compromise any other SoPEC or all inks or operating parameters in general. 

It is ideal that the SoPECJd be random, although this is unlikely to occur on standard 
manufacture processes for ASICs. If the id is within a small range however, it will be able 
to be broken by brute force. This is why 32-bits is not sufficient protection. 

3.2 CPU WITH USER/SUPERVISOR MODE 

SoPEC contains a CPU with direct hardware support for user and supervisor modes. At 
present, the intended CPU is the LEON (a 32-bit processor with an instruction set accord- 
ing to the IEEE- 1754 standard. The IEEE 1754 standard is compatible with the SPARC 
V8 instruction set). 

Silverbrook (operating system) program code will run in supervisor mode, and all OEM 
program code will run in user mode. 

3.3 Memory Management Unit 

SoPEC contains a Memory Management Unit (MMU) that limits access to regions of 
DRAM by defining read, write and execute access permissions for supervisor and user 
mode. Program code running in user mode is subject to user mode permission settings, 
and program code running in supervisor mode is subject to supervisor mode settings. 



1 . On IBM's CU1 1 process this chipld is 80 bits. 
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A setting of 1 for a permission bit means that type of access (e.g. read, write, execute) is 
permitted. A setting of 0 for a read permission bit means that that type of access is not per- 
mitted. 

At reset and whenever SoPEC wakes up, the settings for all the permission bits are 1 for 
all supervisor mode accesses, and 0 for all user mode accesses. This means that supervisor 
mode program code must explicitly set user mode access to be permitted on a section of 
DRAM. 

Access permission to all the non- valid address space should be trapped, regardless of user 
or supervisor mode, and regardless of the access being read, execute, or write. 

Access permission to all of the valid non-DRAM address space (for example the PEP 
blocks) is supervisor read / write access only (no supervisor execute access, and user mode 
has no acccess at all) with the exception that certain GPIO and Timer registers can also be 
accessed by user code. These registers will require bitwise access permissions. Each 
peripheral block will determine how the access is restricted. 

The embedded DRAM should start at 0x0000_0000 to support programmable exception 
vectors. The reset exception vector (and possibly some others) is translated in the MMU to 
point to the appropriate location in ROM, ideally in a manner that still allows null pointer 
dereferencing to be trapped. 

With respect to the DRAM and PEP subsystems of SoPEC, typically we would set user 
read/write/execute mode permissions to be 1/1/0 only in the region of memory that is used 
for OEM program data, 1/0/1 for regions of OEM program code, and 0/0/0 elsewhere. By 
contrast we would typically set supervisor mode read/write/execute permissions for this 
memory to be 1/1/0 (to avoid accidentally executing user code in supervisor mode). 

The SoPEC Jid parameter (see Section 3.1) should only be accessible in supervisor mode, 
and should only be stored and manipulated in a region of memory that has no user mode 
access. 



Given that user mode program code cannot even call functions in supervisor code space, 
the question arises as how OEM programs can access functions, or request services. The 
implementation for this depends on the CPU. 

On the LEON processor, the TRAP instruction allows programs to switch between user 
and supervisor mode in a controlled way. The TRAP switches between user and supervi- 
sor register sets, and calls a specific entry point in the supervisor code space in supervisor 
mode. The TRAP handler dispatches the service request, and then returns to the caller in 
user mode. 

Use of a command dispatcher allows the O/S to provide services that filter access - e.g. a 
generalised print function will set PEP registers appropriately and ensure QA Chip ink 
updates occur. 

The LEON also allows supervisor mode code to call user mode code. There are a number 
of ways that this functionality can be implemented. 



3.4 



Specific entry points in O/S 
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3.5 Boot Procedure 



3.5.1 Basic premise 



The intention is to load the Silverbrook and OEM program code down into SoPEC's 
RAM, where it can be subsequently executed. The basic SoPEC therefore, must be capa- 
ble of downloading program code. However SoPEC must be able to guarantee that only 
authorized Silverbrook boot programs can be downloaded, otherwise anyone could mod- 
ify the O/S to do anything, and then download that - thereby bypassing the licensed oper- 
ating parameters. " 

We perform authentication of program code and data using asymmetric cryptography and 
without using a QA Chip. 

Assuming we have already downloaded some data and a 160-bit signature into eDRAM 
the boot loader needs to perform the following tasks: 

• perform SHA-1 on the downloaded data to calculate a digest localDigest 

• perform asymmetric decryption on the downloaded signature (160-bits) using an 
asymmetric public key to obtain authorizedDigest 

• If localDigest = authorizedDigest. then the downloaded data is authorized (the signa- 
ture must have been signed with the asymmetric private key) and control can then be 
passed to the downloaded data 

Asymmetric decryption is used instead of symmetric decryption because the decrypting 
key must be held in SoPEC's ROM. If symmetric private keys are used, the ROM can be 
probed and the security is compromised. 

The procedure requires the following data item: 

• bootOkey = an *-bit asymmetric public key 

The procedure also requires the following two functions: 

• SHA-1= a function that performs SHA-1 on a range of memory and returns a 160-bit 
digest 

• decrypt - a function that performs asymmetric decryption of a message using the 
passed-in key 

Assuming that all of these are available (e.g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



boot loader O (dAt* , si?) 

localDigest t- SHA-1 (data) 

authorizedDigest <- decrypt (sig, bootOkey) 
if (localDigest = authorizedDigest) 

jump to program code at data-start address// will never to return 
Else 

// program code is unauthorised 
Endlf 

The length of the key will depend on the asymmetric algorithm chosen. The key must pro- 
vide the equivalent protection of the entire QA Chip system - if the Silverbrook O/S pro- 
gram code can be bypassed, then it is equivalent to the QA Chip keys being compromised 
In fact it is worse because it would compromise Silverbrook operating parameters OEM 
operating parameters, and ink authentication by software downloaded ofT the net fe e 
from some hacker in Norway). ■ 
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In the case of RS A, a 2048-bit key is required to match the 160-bit symmetric-key security 
of the QA Chip. In the case of ECDSA, a key length of 1 32 bits is likely to suffice. 

There is also no advantage to storing multiple keys in SoPEC and having the external 
message choose which key to validate against, because a compromise of any key allows 
the external user to always select that key. Even if there were 2 keys, one for USB-based 
booting and one for ISI-based booting, a compromise of the USB-based booting key is 
enough to compromise all the single SoPEC systems (99% of SoPEC systems). 

Therefore the entire security of SoPEC is based on keeping the asymmetric private key 
paired to bootOkey secure. The entire security of SoPEC is also based on keeping the pro- 
gram that signs (i.e. authorizes) datasets using the asymmetric private key paired to 
bootOkey secure. 

If a compromise is discovered, it may be economically feasible to change the bootOkey 
value in SoPEC's ROM, since this is only a single mask change, and would be easy to ver- 
ify and characterize. 

3.5.2 Hierarchies of authentication 

Given that test programs, evaluation programs, and Silverbrook O/S code needs to be 
written and tested, and OEM program code etc. also needs to be tested, it is not secure to 
have a single authentication of a monolithic dataset combining Silverbrook O/S, non-O/S, 
and OEM program code - we certainly don't want OEM's signing Silverbrook program 
code, and Silverbrook shouldn't have to be involved with the signing of OEM program 
code. 

Therefore we require differing levels of authentication and therefore a number of keys, 
although the procedure for authentication is identical to the first - a section of program 
code contains the key for authenticating the next. 

This method allows for any hierarchy of authentication, based on a root key of bootOkey. 
For example, assume that we have the following entities: 

• SoPECCo, Silverbrook's SoPEC hardware / software company. Supplies SoPEC 
ASICs and SoPEC O/S printing software to a ComCo. 

• ComCo, a company that assembles Print Engines from SoPECs, Memjet printheads 
etc, customizing the Print Engine for a given OEM according to a license 

• OEM, a company that uses a Print Engine to create a printer product to sell to the 
end-users. The OEM would supply the motor control logic, user interface, and casing. 

The levels of authentication hierarchy are as follows: 

• SoPECCo generates dataset J, consisting of the print engine O/S (which incorporates 
the print engine functionality) and the ComCo's asymmetric public key. SoPECCo 
signs datasetO with SoPECCo *s asymmetric private bootOkey key. The print engine 
program code expects to see an operating parameter block signed by the ComCo's 
asymmetric private key. 

• The ComCo generates dataSet3 t consisting of datasetl plus dataset2 y where datasetl 
is an operating parameter block for a given OEM's print engine licence (according to 
the print engine license arrangement) signed with the ComCo's asymmetric private 
key. The operating parameter block (datasetl) would contain valid print speed ranges, 
a PrintEngineLicenseld, and the OEM's asymmetric public key. The ComCo can gen- 
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crate as many of these operating parameter blocks for any number of Print Engine 
Licenses, but cannot write or sign any supervisor O/S program code. 
• The OEM would generate datasetS, consisting of dataset3 plus dataset4, where 
dataset4 is the OEM program code signed with the OEM's asymmetric private key. 
The OEM can produce as many versions of datasetS as it likes (e.g. for testing pur- 
poses or for updates to drivers etc) 

The relationship is shown below in Figure 1. 



I 5 
3* 



data seti 
(supplied to 
ComCo) 



dataset2 



datasett 
(supplied to 
OEM) 




dataset4 



dataset5 
(supplied to 
end-user) 



Figure 1. Relationship between the datasets 

When the end-user uses dataset5 9 SoPEC itself validates datasetl via the bootOkey mech- 
anism described in Section 3.5.1. Once datasetl is executing, it validates datasetl, and 
uses dataset2 data to validate dataset4. The validation hierarchy is shown in Figure 2. 



SoPEC boot ram 

(includes bootOkey public key) 



validation via bootOkey 



[ datasetl: operating system 

I (includes ComCo public key) 



validation via ComCo key 



datasetf: operating parms 
(includes OEM public key) 



validation via OEM key 



aset4: OEM program code 



Figure 2. Validation hierarchy 
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If a key is compromised, it compromises all subsequent authorizations down the hierarchy. 
In the example from above (and as illustrated in Figure 2) if the OEM's asymmetric pri- 
vate key is compromised, then O/S program code is not comprpmised since it is above 
OEM program code in the authentication hierarchy. However if the ComCo's asymmetric 
private key is compromised, then the OEM program code is also compromised. A com- 
promise of bootOkey compromises everything up to SoPEC itself, and would require a 
mask ROM change in SoPEC to fix. 

// is worthwhile repeating that in any hierarchy the security of the entire hierarchy is 
based on keeping the asymmetric private key paired to bootOkey secure, it is also a 
requirement that the progrcun that signs (i.e. authorizes) datasets using the asymmetric 
private key paired to bootOkey secure. 

3.5.3 Authenticating operating parameters 

Operating parameters need to be considered in terms of Silverbrook operating parameters 
and OEM operating parameters. Both sets of operating parameters are stored on the 
PRINTER_QA chip (physically located inside the printer). This allows the printer to 
maintain parameters regardless of being moved to different computers, or a loss/replace- 
ment of host O/S drivers etc. 

On PRINTER_QA, memory vector M 0 contains the upgradable operating parameters, and 
memory vectors M l+ contains any constant (non-upgradable) operating parameters. 

Considering only Silverbrook operating parameters for the moment, there are actually two 
problems: 

a. setting and storing the Silverbrook operating parameters, which should be 
authorized only by Silverbrook 

b. reading the parameters into SoPEC, which is an issue of SoPEC authenticating 
the data on the PRTNTER_QA chip since we don't trust PRINTER_QA. 

The PRJNTER_QA chip therefore contains the following symmetric keys: 

• Kq = PrintEngineLicenseJcey. This key is constant for all SoPECs supplied for a given 
print engine license agreement between an OEM and a Silverbrook ComCo. Kq has 
write permissions to the Silverbrook upgradeable region of Mq on PRINTER_QA. 

• K { = SoPECjdJcey. This key is unique for each SoPEC (see Section 3.1), and is 
known only to the SoPEC and PRINTER__QA. Kj does not have write permissions for 
anything. 

Kq is used to solve problem (a). It is only used to authenticate the actual upgrades of the 
operating parameters. Upgrades are performed using the standard upgrade protocol 
described in [5], with PRINTER_QA acting as the ChipU, and the external upgrader act- 
ing as the ChipS. 

Kj is used by SoPEC to solve problem (b). It is used to authenticate reads of data (i.e. the 
operating parameters) from PRINTER^QA. The procedure follows the standard authenti- 
cated read protocol described in [5], with PRINTER_QA acting as ChipR, and the embed- 
ded supervisor software on SoPEC acting as ChipT. The authenticated read protocol [5] 
requires the use of a 160-bit nonce, which is a pseudo-random number. This creates the 
problem of introducing pseudo-randomness into SoPEC that is not readily determinable 
by OEM programs, especially given that SoPEC boots into a known state. One possibility 
is to use the same random number generator as in the QA Chip (a 160-bit maxi- 
mal-lengthed linear feedback shift register) with the seed taken from the value in the 
WatchDogTimer register in SoPECs timer unit when the first page arrives. 



Confidential 



November 29, 2002 



15 



Silverbrook Research 



SoPEC Security Overview 



4-4-1-3 v1 .6 



Note that the procedure for verifying reads of data from PRINTER^QA does not rely on 
Silverbrook's key Kq. This means that precisely the same mechanism can be used to read 
and authenticate the OEM data also stored in PRINTERJJA. Of course this must be done 
by Silverbrook supervisor code so that SoPECJdJcey is not revealed 

If the OEM also requires upgradable parameters, we can add an extra key to 
PRINTER_QA, where that key is an OEMJcey and has write permissions to the OEM 
part of Mq. 

In this way, K, never needs to be known by anyone except the SoPEC and PRINTER_QA. 

Each printing SoPEC in a multi-SoPEC system need access to a PRINTER_QA chip that 
contains the appropriate SoPEC Jdjcey to validate ink useage and operating parameters 
This can be accomplished by a separate PRINTER_QA for each SoPEC, or by adding 
extra keys (multiple SoPECJdJceys) to a single PRINTER_QA. 

However, if ink usage is not being validated (e.g. if print speed were the only Silverbrook 
upgradable parameter) then not all SoPECs require access to a PRINTER_QA chip that 
contains the appropriate SoPECjdJcey. Assuming that OEM program code controls the 
physical motor speed (ditTerent motors per OEM), then the PHI within the first (or only) 
front-page SoPEC can be programmed to accept (or generate) line sync pulses at a partic- 
ular rate. If line syncs arrived faster than the particular rate, the PHI would generate a 
buffer underrun. This would mean that even if the motor speed was hacked to be fast the 
print will terminate. 



3.5.3. 1 OEM assembly-line test 



As described in Section 2.1.2, Silverbrook operating parameters include such items as 
pnnt speed, print quality etc. and are tied to a license provided to an OEM. These parame- 
ters are under Silverbrook control. The licensed Silverbrook operating parameters are 
stored in the PRJNTER_QA as described in Section 3.5.3. 

However, although an OEM should only be able sell the licensed operating parameters for 
a given Pnnt Engine, they must be able to assembly-line test 1 the Print Engine with a dif- 
ferent set of operating parameters i.e. a maximally upgraded Print Engine. 

Several different mechanisms can be employed to allow OEMs to test the upgraded capa- 
bilities of the Pnnt Engine. At present it is unclear exactly what kind of assembly-line tests 
would be performed. 

At first thought, it might be considered that a dongle-style approach using a special master 
PRINTER_QA containing upgraded parameters might be a solution. However, for the 
SoPEC to accept the parameters as true, the special master PRINTER_QA must contain 
the appropnate SoPEC Jdjzey (tied to the specific SoPEC Jd of the SoPEC system under 
test). Since the OEM can't perform the key upgrade, they must make use of a Silverbrook 
upgrade mechanism, which implies cither a Silverbrook box, or a connection to a Silver- 
brook machine (e.g. over a net). Neither approaches are good. 



1 . This section .is referring to assembly-line testing rather than development testing. An OEM can maximally uoerade a 
given Pnnt Engine to allow developmental testing of their own OEM program lode & Jecta^ " ^ 
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If there is no special master PRINTER^QA for testing, then we must make use of special 
• test programs, or storage on the PRINTER_QA, or both. The solution will depend on the 
test requirements of the OEM 

A simple test program that allows any pages to be printed at full upgrade capability is def- 
initely not secure. If it gets out to the public, it is effectively a free upgrade. Silverbrook 
would not want the OEM to have such a program. 

Likewise, if a test program only printed pages that had been signed with some key, then 
not only does this change the timing of real pages (since the signature must be verified 
before printing) but a service must be made available to sign special test images. This may 
be possible, but it means that Silverbrook must be involved for every time a test image is 
designed. If Silverbrook gives the OEM a program that generates signatures to avoid this 
annoyance, then it is the same as giving away the ability to print at full capability. 

If the OEM requires tests that are not actually printing dots, then a test harness software 
loader that looks and behaves like a real Print Engine (including all output signals etc.) at 
full upgrade capability, except that it does not produce physical dots (i.e. at the very end of 
the pipeline, the data is masked before being sent out to the printhead). This will produce a 
timing accurate result, and is the simplest, most effective solution. If the special driver 
gets out into the public, the user can only print blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

a. A version of the O/S (signed for the OEM) that will only print special Silver- 
brook test patterns. This may be quite adequate, but it has the disadvantage that 
OEM test patterns cannot be printed 

b. A version of the O/S that prints garbage in special places over the test image. 
Again the has the disadvantage that special OEM test patterns cannot be 
printed. 

c. A version of the O/S that reads and decrements a DecrementOnly value in 
PRINTER^QA. If the value before successful decrementing is non-zero, then 
the O/S will run at full upgrade capability until either a power-loss or a 
pre-determined number of pages (e.g. agreed to by the OEM and Silverbrook) 
have been printed. The number to be stored in the PRINTER_QA at initial 
PRINTER_QA customization may only need to be 1 or 2. 

Of these solutions, option (c) is probably the least restrictive to the OEM while still being 
useful. If the test program gets out, then if the value in PRINTER_QA is 0 after testing, 
then there is no impact, and if the value is small, then only a small number of pages can be 
printed at full upgrade capability, and power must stay on while doing so. 

3.5.4 Use of a PrintEngineLicense id 

Silverbrook O/S program code contains the OEM's asymmetric public key to ensure that 
the subsequent OEM program code is authentic - i.e. from the OEM. However given that 
SoPEC only contains a single root key, it is theoretically possible for different OEM's 
applications to be run identically physical Print Engines i.e. printer driver for OEM, run 
on an identically physical Print Engine from OEM 2 . 

To guard against this, the Silverbrook O/S program code contains a 
PrintEngineLicense Jd code (e.g. 16 bits) that matches the same named value stored as a 
fixed operating parameter in the PRINTER_QA (i.e. in M, + ). As with all other operating 
parameters, the value of PrintEngineLicense Jd would be stored in PRINTER_QA at the 
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same time as the other various PRINTER_QA customizations are being applied, before 
being shipped to the OEM site. 

In this way, the OEMs can be sure of differentiating themselves through software func- 
tionality: 



3.5.5 Authentication of ink 

The Silveibrook O/S must perform ink authentication [5] during prints. Ink usage authen- 
tication makes use of counters in SoPEC that keep an accurate record of the exact number 
of dots printed for each ink. 

The ink amount remaining in a given cartridge is stored in that cartridge's INK.QA chip 
Other data stored on the INK_QA chip includes ink color, viscosity, Memjet firing pulse 
profile information, as well as licensing parameters such as OEMJd, inkType, 
InkUsageLicenseJd, etc. This information is typically constant, and is therefore likely to 
be stored in M l+ within INK_QA. 

Just as the Print Engine operating parameters are validated by means of PRINTER_QA, a 
given Print Engine license may only be permitted to function with specifically licensed 
ink. Therefore the software on SoPEC could contain a valid set of ink types, colors 
OEM_Ids, InkUsageLicense.Ids etc. for subsequent matching against the data in the 



SoPEC must be able to authenticate reads from the INK_QA, both in terms of ink 
ters as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts 

• authenticate ink usage and ink parameters via INK_QA and PRINTER_QA 

• broadcast ink dot usage to all SoPECs in a multi-SoPEC system 



3.5.5. 1 restrict access to dot counts 

Since the dot counts are accessed via the PHI in the PEP section of SoPEC, access to these 
registers (and more generally all PEP registers) must be only available from supervisor 
mode, and not by OEM code (running in user mode). Otherwise it might be possible for 
OEM program code to clear dot counts before authentication has occurred. 



3.5.5.2 authenticate ink usage and ink parameters via INK_QA and PRINTER_QA 

The basic problem of authentication of ink remaining and other ink data boils down to the 
problem that we don't trust INK_QA. Therefore how can a SoPEC know the initial value 
of mk (or the ink parameters), and how can a SoPEC know that after a write to the 
INK_QA, the count has been correctly decremented 

Taking the first issue, which is determining the initial ink count or the ink parameters we 
need a system whereby a given SoPEC can perform an authenticated read of the data in 
INK_QA. 

We cannot write the SoPEC Jdjcey to the INK^QA for two reasons: 

• • updating keys is not power-safe (i.e. if power is removed mid-update, the INK OA 
could be rendered useless) . 
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• the ink cartridge would then not work in another printer since the other printer would 
not know the old SoPECJdJcey (knowledge of the old key is required in order to 
change the old key to a new one). 

The proposed solution is to let INICQA have two keys: 

• Kq = SupplyInkLicense_key. This key is constant for all ink cartridges for a given ink 
supply agreement between an OEM and a Silverbrook ComCo (this is not the same 
key as PrintEngineLicenseJcey which is stored as Kq in PRINTER_QA). Kn has write 
permissions to the ink remaining regions of Mo on INK^QA. 

• K| = UselnfcLicenseJcey. This is key is constant for all ink cartridges for a given ink 
usage agreement between an OEM and a Silverbrook ComCo (this is not the same key 
as PrintEngineLicenseJcey which is stored as Kn in PRINTER_QA). K\ has no write 
permissions to anything. 

Kn is used to authenticate the actual upgrades of the amount of ink remaining (e.g. to fill 
and refill the amount of ink). Upgrades are performed using the standard upgrade protocol 
described in [5], with INK__QA acting as the ChipU, and the external upgrader acting as 
the ChipS. The fill and refill upgrader (ChipS) also needs to check the appropriate ink 
licensing parameters such as OEMJd, InkType and InkUsageLicenseJd for validity. 

Kj is used to allow SoPEC to authenticate reads of the ink remaining and any other ink 
data. This is accomplished by having the same UselnkLicenseJcey within PRINTER_QA 
(e.g. in K 2 ), also with no write permissions. 

This means there are two shared keys, with PRJNTER_QA sharing both, and thereby act- 
ing as a bridge between INK_Q A and SoPEC. 

• UselnkLicenseJcey is shared between INK_QA and PRINTER^QA 

• SoPECJdJcey is shared between SoPEC and PR1NTER_QA 

All SoPEC has to do is do an authenticated read [5] from INK__QA, pass the data / signa- 
ture to PRINTERJ3A, let PRINTER_QA validate the data / signature, and then get 
PRINTER W QA to produce a similar signature based on the shared SoPECJdJcey. SoPEC 
can then compare PRINTER_QA*s signature with its own calculated signature (i.e. imple- 
ment a Test function [5] in software on the SoPEC), and if the signatures match, the data 
from INK_QA must be valid, and can therefore be trusted 

Once the data from INK_QA is known to be trusted, the amount of ink remaining can be 
checked, and the other ink licensing parameters such as OEMJd, InkType, 
InkUsageLicenseJd can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are: 



KEYl <- 1 // simple constants to specify which key to use when signing 
KEY 2 «-- 2 

R PR INTER *~ PRINTERWQA . random ( ) 

r ink' Hink' SIG^ <- INK_QA. read (KEYl, R PRINTER )// read with keyl : UseInkLicense_key 
r sopec *— random () 

SI GPRINTER <- PRINTER_QA.test(KBY2, R INX , M XNX , SIG IKK , KEYl , R S o Pe c> 
SIGsopec <- HMAC_SHA_1 ( R printer | 

R SOPBC I M INR) 

If USIGpRXtfTO 1= 0) AND (SIGp*!^ = SIG S0PEC )) 
// M INX {data read from INK_QA) is valid 

ft m ikk could be ink parameters, such as InkU3ageLicense_Id, or ink remaining 
If <M INK . inkRemaining = expectedlnkRemaining) 

// all is ok 
Else 
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// the ink value, is not what we wrote, so don't print anything anymore 
Endlf 
Else 

// the data read from INK_QA is not valid and cannot be trusted 
Endlf 



Strictly speaking, we don't need a nonce (Rsopec) M *e time because M A (containing 
the ink remaining) should be decrementing between authentications. However we do need 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the WatchDogTimer at the receipt of the first page is 
acceptable. 

In summary, the SoPEC performs the non-authenticated write [5] of ink remaining to the 
INK_QA chip, and then performs an authenticated read of the data via the PRINTER_QA 
as per the pseudocode above. If the value is authenticated, and the INK_QA ink-remain- 
ing value matches the expected value, the count was correctly decremented and the print- 
ing can continue. 

3.5.5.3 broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to a printhead (4 at most) must broadcast 
its ink usage to all the SoPECs. In this way, each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are turned into 0 ink usage by the man-in- the-middle). 

A single SoPEC performs the update of ink remaining to the INK_QA chip, and then all 
SoPECs perform an authenticated read of the data via the appropriate PRINTER_QA (the 
PRINTER_QA that contains their matching SoPEC Jdjcey - remember that multiple 
SoPECjdJceys can be stored in a single PRINTER_QA). If the value is authenticated, 
and the INK_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts are not received, or have been tampered with, the updated ink 
counts will not match. The only case this does not cater for is if each SoPEC is tricked (via 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the fact that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC, it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - well within the 2 seconds/page print time. 

3.5.6 Example hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 



Confidential 



November 29, 2002 



20 



Siiverbrook Research 



SoPEC Security Overview 



4-4-1-3 vl.6 



Adding an extra bootloader step to the example from Section 3.5.2, we can break up the 
contents of program space into logical sections, as shown in Table 1 . Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1. Sections of Program Space 





wmmsamm 


wmmmmmmm 


0 

(ROM) 


boot loader 0 
SHA-1 function 
asymmetric decrypt function 
bootOkey 


section 1 via bootOkey 




boot loader 1 
SoPEC_OS_pubtfc_key 


section 2 via SoPEC_OS_public_key 


2 


Siiverbrook O/S program code 
function to generate 
SoPEC_id_key from SoPECJd 
Basic Print Engine 
ComCo_public_key 


section 3 via ComCo_pub!ic_key 

section 4 via OEM_pubNc_key (supplied in sec- 
tion 3) 

PRINTER. QA data, which includes the 
PrintEngineLicense^id, Siiverbrook operating 
parameters, and OEM operating parameters (all 
authenticated via SoPEC_id_key) 


3 


ComCo license agreement operat- 
ing parameter ranges, including 
PrintEngtneUcenseJd (gets 
loaded into supervisor mode sec- 
tion of memory) 

OEM_public_key (gets loaded into 
supervisor mode section of mem- 
ory) 

Any ComCo written user-mode 
program code (gets loaded into 
mode mode section of memory) 


Is used by section 2 to verify section 4 and 
range of parameters as found in PRINTER^QA 


4 


OEM specific program code 


OEM operating parameters via calls to Siiver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What if the CPU is not fast enough? 

In the example of Section 3.5.6, every time the CPU is woken up to print a document it 
needs to perform: 

• SHA-1 on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHA 1 generation per 5 1 2-bits of Siiverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-1 and HMAC process will be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap form of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authorizedDigest which means that the 
boot procedure now is: 
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•lowCTU.boot loadarO (data, 

localDigest *- SHA-l(data) 

If (localDigest = previous lyStoredAuthorizedDigest) 

jump to program code at data-start address// will never to return 
Else 

authorizedDigest *- decrypt (sig, oootOkey) 

if (localDigest « authorizedDigest) 

previouslyStoredAuthorizedDigest <- authorizedDigest 

jump to program code at data-start address// will never to return 

Else 

// program code is unauthorized 
Endlf 



This procedure means that a reboot of the same authorized program code will only require 
SHA-1 processing. At power-up, or if new program code is loaded (e.g. an upgrade of a 
driver over the internet), then the full authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
is loaded. 

The question is how much preserved space is required. 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant keeping the full digest. 

However each level of boot loader requires its own digest to be preserved This gives a 
maximum of 20 bytes per loader. Digests for operating parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data, although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/ISI. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 (or garbage) means the 
digest won't match and therefore the authentication will occur implictly. 

3.6 SOPEC ISI IDENTIFICATION 

At power-up, the host can send targeted data to the USB-connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPECs ISI. 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it. Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro-' 
priate asymmetric private key) will, among other things, set the slave SoPECs ISI id If 
there is only 1 slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a different 
set of connections on GPIOs. For example, one SoPEC maybe in charge of motor control, 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settings are mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
(left or right). We can conveniently use the second printhead connection pins (temperature 
and test) to form an ISI id. 

This scheme of slave SoPEC identification does not introduce a security .breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
printouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (e.g. by using ethemet-like protocols), the ISI id needs 
to be very much a physical identity scheme. This is because these SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up OA Chip keys 

In use, each INK_QA chip needs the following keys: 

• Kq = SupplylnkLicenseJcey 

• K] = UseInkLicense_key 

Each PRINTER_QA chip tied to a specific SoPEC requires the following keys: 

• Ko 3 PrintEngineLicenseJcey 

• Kj = SoPECjdJkey 

• K 2 = UselnkL icensejkey 

Note that there may be more than one K x depending on the number of PRINTER_QA 
chips and SoPECs in a system. These keys need to be appropriately set up in the QA Chips 
before they will function correctly together. 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys are as 
follows: 

• Kq = QACo_ComCo_KeyO 

• Ki = QACojZomCo_Keyl 

• K 2 = QACojComCo_Key2 

• K 3 = QA CojCom Co_Key3 

All 4 keys are only known to QACo. Note that these keys are different for each QA Chip. 

3.7.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads, QA Chips, 
PECs or SoPECs, PCBs etc. 
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In addition, the ComCo must customize the INK_QA chips and PRINTER_QA chip 
on-board the print engine before shipping to the OEM. 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK^QA 
and PRJNTER^QA) 

• setting operating parameters as per the license with the OEM 

3. 7.2. 1 Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows prograrnming of the various 
keys (except for K,) in a given QA Chip to the final values, following the standard 
ChipF/ChipP replace key (indirect version) protocol [5 J. The indirect version of the proto- 
col allows each QACo_ComCo_Key to be different for each SoPEC. 

In the case of programming of PRINTER_Q A's K, to be SoPEC Jd_key, there is the addi- 
tional step of transferring an asymmetrically encrypted SoPECJdJcey (by the public-key) 
along with the nonce (R P ) used in the replace key protocol to the device that is functioning 
as a ChipF. The ChipF must decrypt the SoPECJdJcey so it can generate the standard 
replace key message for PRINTER_QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asymmetric key pair held in the ChipF equivalent should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INK_QA and PRINTER_QA) 
are only known to the QACo. The OEM only uses QIDs and QACo supplied ChipFs. The 
replace key protocol [5] allows the prograrnming to occur without compromising the old 
or new key. 

3. 7. 2. 2 Setting operating parameters 

There are two sets of operating parameters stored in PRINTER_QA and INK_QA; 

• fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to M l+ via a QID [4], and permission bits set such that they are Readonly. 

The upgradable operating parameters can only be written to after the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 



This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
Iithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
PEC1 [1] printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASIC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Memjet printing systems, introduce the components that 
make a bi-Iithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 duplex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specifi- 
cation[l] written by Silverbrook Research. 
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S3 



4 Nomenclature 



4.1 Bl-LITHIC PRINTHEAD NOTATION 



4.2 



A bi-lithic based printhead is constructed from 2 printhead ICs of varying sizes. The notation M:N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. 

Section 35 Memjet Printhead contains a description of the bi-lithic printhead and related terminology. 



Definitions 

The following terms 
Bi-lithic printhead 
CPU 

ISI-Bridge chip 

ISIMaster 
ISISlave 
LEON 

LineSyncMaster 

Multi-SoPEC 
Netpage 
PEC1 

Printhead IC 
PrintMaster 

QA Chip 
Storage SoPEC 
Tag 



are used throughout this specification: 
Refers to printhead constructed from 2 printhead ICs 
Refers to CPU core, caching system and MMU. 

A device with a high speed interface (such as USB2.0, Ethernet or IEEE1394) and 
one or more ISI interfaces. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 

The ISIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (ISI) bus. The ISIMaster interfaces directly with the host. 
Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus. ISISlaves can only respond to communication initiated by the ISIMaster. 
Refers to the LEON CPU core. 

The LineSyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infrared ink). 

Refers to Print Engine Controller version 1, precursor to SoPEC used to control 
printheads constructed from multiple angled printhead segments. 
Single MEMS IC used to construct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a system. 

Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes information about its position and orientation which 
allow it to be optically located and its data contents read. 



4.3 



Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CFU Contone FIFO Unit 

CPU . Central Processing Unit 

DRAM Interface Unit 
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DNC 


Dead Nozzle Compensator 


DRAM 


Dynamic Random Access Memory 


DWU 


DotLine Writer Unit 


GPIO 


General Purpose Input Output 


HCU 


Halftoner Compositor Unit 


ICU 


Interrupt Controller Unit 


ISI 


Inter SoPEC Interface 


LDB 


Lossless Bi-Ievel Decoder 


LLU 


Line Loader Unit 


LSS 


Low Speed Serial interface 


MEMS 


Micro Electro Mechanical System 


MMU 


Memory Management Unit 


PCU 


SoPEC Controller Unit 


PHI 


PrintHead Interface 


PSS 


Power Save Storage Unit 


RDU 


Real-time Debug Unit 


ROM 


Read Only Memory 


SCB 


ocnai ^ommunicanon ejiock 


SFU 


Spot FIFO Unit 


SMG4 


Silverbrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4.4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 
// Comment 
- Assignment 

Operator equal, not equal, less than, greater than 
+,-, V,% Operator addition, subtraction, multiply, divide, modulus 

&,|, A ,<<,» ~ Bitwise AND, bitwise OR, bitwise exclusive OR, left shift, right shift, complement 

AND,OR,NOT Logical AND, Logical OR, Logical inversion 
[XX: YY] Array/vector specifier 
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{a, t>» c} Concatenation operation 

++» - Increment and decrement 

4.4.1 Register and signal naming conventions 

In general register naming uses the C style conventions with capitalization to denote word delimiters Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both convention For example the CmdSourceFifo register is equivalent to cmdjsourcejifo signal. 



4.5 State machine notation 



State machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions use the convention of underline, to indicate the cause of a transition from one state to another and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur when the 
new state is entered 

A sample state machine is shown in Figure 1 . 



reset — 0[prst n = n 
cdu_dJU_rreq * 0 
ignofe_data = 0 



1 



cdu_diu_rreq = i ^ Reset "^4 



go == Q 
cdLf_diu_rreq « 1 
)gnore_data = 0 



< Me > 



go — i & 
gone banti = 0 
cdu_dlu_rreq « 0 
fgnore_data = 0 



Figure 1. Example State machine notation 
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5 Printing Considerations 

A bi-lithic printhead produces 1600 dpi bi-tevel dots. On low-diffusion paper, each ejected drop forms a 
22.5um diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color planes are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes 'muddying 1 of midtones caused by inter-color bleed. 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustered-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-modulated) dither reproduces high spatial frequencies (i.e. 
image detail) almost to the limits of the dot resolution, while simultaneously reproducing lower spatial fre- 
quencies to their full color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low- frequency patterns when tiled across the image. As such its 
size typically exceeds the minimum size required to support a particular number of intensity levels (e.g. 
1 6x1 6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing immeasurable beyond 60 cycles per degree [21][22]. At a normal viewing distance of 1 2 inches (about 
300mm), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
300 ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-level black dots, and are therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1 200 dpi continues to contribute to perceived text sharpness (assuming low-diffusion paper, of 
course). 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats are 
capable of exceeding the quality of commercial (offset) printing and photographic reproduction. 
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6 Document Data Flow 



6.1 Considerations 

Because of the page-width nature of the bi-lithic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is never printed until it is fully rasterized. This can be achieved by 
storing a compressed version of each rasterized page image in memory. 

This decoupling also allows the RIP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because contone color images are reproduced by stochastic dithering, but black text and line graphics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-level 
black layer and background contone color layer. The black layer is composited over the contone layer after 
the contone layer is dithered (although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout. 

Figure 2 shows the flow of a document from computer system to printed page. 




10 

Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 1 1.7 inches) of contone CMYK data has a size of 
26.3MB. At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2.63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi, a A4 page of bi-level data has a size of 7.4MB. At 1 600 dpi, a Letter page of bi-level data has 
a size of 29.5 MB. Coherent data such as text compresses veiy well. Using lossless bi-level compression 
algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 
ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi and 2 95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 16MB of bi-level data. Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces hard-to-compress disorder. 

Netpage tag data is optionally supplied with the page image. Rather than storing a compressed bi-leve! 
data layer for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to 1 20 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15,540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB. 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The format is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Since text and images normally don't overlap, the normal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 



Table 1. Data sizes for A4 page (8.26 inches x 11.7 Inches) 









Imago only (contone), 10:1 compression 


2.63 MB 


3.78 MB 


Text only (bi-level). 10:1 compression 


0.74 MB 


2.95 MB 


Netpage tags, 1600 dpi 


0.24 MB 


0.24 MB 


Worst case (text + Image + tags) 


3.61 MB 


6.67 MB 


Average (text + 25% image + tags) 


1.64 MB 


4.25 MB 



6.2 Document Data Flow 



The Host PC rasterizes and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link. A complete band is stored in SoPEC embedded mem- 
ory. Once the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone, bi-level and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
lithic printhead. 

The document data flow is 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 15 



SoPEC : Hardware Design 




• The RIP software rasterizes each page description and compress the rasterized page image. 

• The infrared layer of the printed page optionally contains encoded Netpage [5] tags at a programmable 
density. 

• The compressed page image is transferred to the SoPEC device via the USB normally on a band by 
band basis. 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-level layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing up to four 
bi-level layers at full-resolution. 

• The second stage then composites the bi-level tag data layer, the bi-level SMG4 fax de-compressed 
layer and up to four bi-level JPEG de-compressed layers into the full-resolution page image. 

• A fixative layer is also generated as required 

• The last stage formats and prints the bi-level data through the bi-lithic printhead via the printhead inter- 
face. 

The SoPEC device can print a full resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fax com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channels from 
page RIP to bi-lithic printhead color planes. 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
printhead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensation. 

Also a data channel could be used to gate data from another data channel. For example in stencil mode, 
data from the biievel data channel at 1600 dpi can be used to niter the contone data channel at 320 dpi, giv- 
ing the effect of 1 600 dpi contone image. 

6.3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes, imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
of printing worst case pages unless they are split into bands and printing commences before all the bands 
for the page have been downloaded. The page sizes in the table are shown for comparison purposes and 
would be considered reasonable for a professional level printing system. The SoPEC device is aimed at the 
consumer level and would not be required to print pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. 

Table 2. Page content targets for SoPEC 

Dear 

m 
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Table 2. Page content targets for SoPEC 





Mixed Graphics and Text 

- image of 6 inches x 4 inches 6 267 ppi and 3 colors 

- Remaining area text -73 inches 2 . 800 dpi 



6x4x267x267x3 3 5:1 
800x800x73 @ 10:1 



1.55 



Best Case Photo, 3 Colors, 6.6 Megapixel Image 



6.6 Mpixel 3 10:1 



2.00 



If a document with more complex pages is required, the page RIP software in the host PC can determine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can take two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data faster than the bands can be downloaded a buffer 
undemin error could occur causing the print to fail. A buffer underrun occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead 

Other options which can be considered if the page does not fit completely into the compressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.5) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectures. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices. 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or ISI connection to Bridge Chip. 

• ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7.1. 

7.1 System Components 

7.1.1 SoPEC Print Engine Controller 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

7. 1. 1. 1 Print Engine Pipeline (PEP) Logic 

The PEP reads compressed page store data from the embedded memory, optionally decompresses the data 
and formats it for sending to the printhead. The print engine pipeline functionality includes expanding the 
page image, dithering the contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the bi- 
lithic printhead. 

7. 1 . 1. 2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor application specific code for general print control such as paper ready 
monitoring and LED status update. 

7. 1. 1. 3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which approximately 
2Mbytes are available for compressed page store data. A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of the page is consumed by the PEP for print- 
ing a new band can be downloaded. The new band may be for the current page or the next page. 

Using banding it is possible to begin printing a page before the complete compressed page is downloaded, 
but care must be taken to ensure that data is always available for printing or a buffer undenun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISI-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7. 1 . 1.4 Embedded USB 1. 1 Device 

| The embedded USB l.l device accepts compressed page data and control commands from the host PC, 

and facilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 Bi-lithic Printhead 

The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches could be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printhead it can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads can be constructed. 



7.1.3 LSS interface bus 



Each SoPEC device has 2 LSS system buses for communication with QA devices for system authentica- 
tion and ink usage accounting. The number of Q A devices per bus and their position in the system is unre- 
stricted with the exception that PRINTER jQA and FNKjQA devices should be on separate LSS busses. 



7.1.4 QA devices 



Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRINTER^QA. Ink cartridges will contain an INK JQA chip. PRINTER _QA and INKjQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
denning PRINTERjQA from INKjQA chip. 



7.1.5 ISI interface 



The Inter-SoPEC Interface (ISI) provides a communication channel between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an IS I-B ridge chip depending on the printer configuration. 
Both compressed data and control commands are transferred via the interface. 



7.1.6 ISI-Bridge Chip 



A device, other than a SoPEC with a USB connection, which provides print data to a number of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE 1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems within the one printer. The ISl-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 

Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 19 



SoPEC : Hardware Design 




7.2.1 A4 Simplex with 1 SoPEC device 




l printhead assembly 



Figure 3. Single SoPEC A4 Simplex system 



In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 



7.2.2 A4 Duplex with 2 SoPEC devices 



USB from Host 




^""^ high speed 
low speed 



Printer 




SoPEC 
Device #1 




A4BWithic I 
printhead I 


OA chip 











Figure 4. Dual SoPEC A4 Duplex system 

In Figure 4, two SoPEC devices are used to control two bi-lithic printheads, each with two printhead ICs. 
Each bi-lithic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMaster SoPEC, the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the. compressed page data for both SoPECs and re-distributes the compressed data over the 
Inter-SoPEC Interface (ISI) bus. 
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ft may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB 1.1 connection. This would allow a faster average print speed 



7.2.3 A3 Simplex with 2 SoPEC devices 



USB from Host < 




£^ high speed 
<4> low speed 



. ex* n the ad assembly^ 

Figure 5. Dual SoPEC A3 simplex system 



In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhead. Each SoPEC controls only 
one printhead IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Master SoPEC. In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
to have its own USB 1.1 connection. This would allow a faster average print speed. 
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In Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-Iithic printheads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each printhead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again the USB 1 . 1 connection defines the ISIMaster 
with the other SoPECs as ISISlaves. In total, the system contains 8Mbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade the system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1.1 connection. This would allow a 
faster average print speed. 
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7.2.5 SoPEC DRAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from Host * 




£^ high tp.ed 
low speed 



I printtiead assembly 
l — _____ 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as DRAM storage 



Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printing SoPEC. SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system with 4 SoPEC devices 



r — — — — — — — ^ 

I raptacaabla i 
I Ink cartridge i 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISI-Bridge chip provides slave-only ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISISlaves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 
An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1.1 connection. This would allow a faster average print speed. 
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8 Page Format and Printflow 

When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memory remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



blank page 



single band page 



2 band page 



mutti band page 



page header 



page header 



band 0 



page header 



band 0 



band 1 



page header 



bandO 



band 1 



band n 



Figure 9. Pages containing different numbers of bands 



Each compressed band contains a mandatory band header, an optional bi-level plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpage enabled applications). Since each of 
these planes is optional 1 , the band header specifies which planes are included with the band. Figure 10 
gives a high-level breakdown of the contents of a page band. 



band n 



band header 



bMevel plane 



oontone plane 



tag data plane 



Figure 10. Contents of a page band 



single SoPEC has maximum rendering restrictions as follows: 
1 bi-level plane 



# 1 bi-level plane 

\ interleaved plane set containing a maximum of 4 contone planes 

i nlana 



• I contone i 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10: 1 , with a local minimum compression ratio of 5: 1 for a 
single line of interleaved JPEG blocks. 



1 . Although a band must contain at least one plane 
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• average bi-level compression ratio of 10: 1 , with a local minimum compression ratio of 1 :1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC. 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures the SCB to allow compressed data bands to pass 
from the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 



Host RIP 



page/band header 



b»- level plane 



con tone interleaved 
plane 



tag data plane 



SCB 

i n 

1 passed through | 



SoPEC'a DRAM 



passed through 



t r 

I passed through I 



! I 

{ passed through | ^ 



page/band header 



bi-level plane 



contooe interleaved 
plane 




tag data plane 



register commands 4. 



CPU 



SoPECs Registers 



Figure 11. Page data path from host to SoPEC 

SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management. However it is not strictly necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous 1 , the memory can 
be allocated in any way. 



1 . Contiguous allocation also includes wrapping around in SoPECs band store memory. 
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8.1 Print engine example page format 

This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC. 
The format is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this format The host PC can optionally perform the majority of the header processing. 

The compressed format and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data underrun. 

The page format described here is for a single black bi-level layer, a contone layer, and a Netpage tag 
layer. The black bi-leve! layer is defined to composite over the contone layer. 

The black bi-level layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
matte has a resolution which is an integer or non-integer factor of the printer's dot resolution. The highest 
supported resolution is 1600 dpi, i.e. the printer's full dot resolution. 

The contone layer, optionally passed in as YCrCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer's 
dot resolution. The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-level images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer's internal memory. 

8.1 .1 Page structure 

A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead. It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 



1 



target page 

printable paga area 
(physical paga) 



Figure 12. Page structure 



3 



target bottom margin 
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8.1.2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers. The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content 

8.1. 2.1 Page header 

Table 3 shows an example format of a page header. 



Table 3. Page header format 









signature 


io-ou inieger 


Page header format signature. 


version 


lo-Du integer 


Page header format version number. 


structure size 


16-bit integer 


Size of page header. 


band count 


16-bit integer 


Number of bands specified for this page. 


target resolution (dpi) 


16-bit integer 


Resolution of target page. This is always 1600 for the Memjet 
printer. 


target page width 


16-bit integer 


Width of target page, in dots. 


target page height 


32-bit integer 


Height of target page, in dots. 


target left margin for black and 
contone 




WKitn or target left margin, in dots, for black and contone. 


target top margin for black and 
contone 


16-bit integer 


Height of target top margin, in dots, for Wack and contone. 


target right margin for black and 
contone 


16-bit integer 


Width of target right margin, in dots, for black and contone. 


target bottom margin for black 
and contone 


16-bit integer 


Height of target bottom margin, in dots, for black and contone. 


target left margin for tags 


16-bit integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


16-bit integer 


Height of target top margin, in dots, for tags. 


target right margin for tags 


16-bit integer 


Width of target right margin, in dots, for tags. 


target bottom margin for tags 


1 6-bit integer 


Height of target bottom margin, in dots, for tags. 


generate tags 


1 6-bit integer 


Specifies whether to generate tags for this page (0 - no. 1 - 
yes). 


fixed tag data 


128-bit integer 


This is only valid if generate tags is set. 


tag vertical scale factor 


16-bit integer 


Scale factor in vertical direction from tag data resolution to tar- 
get resolution. Valid range = 1-511. Integer scaling only 


tag horizontal scale factor 


16-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolution. Valid range = 1-511. Integer scaling only. 


bMevel layer vertical scale factor 


16-bit integer 


Scale factor in vertical direction from bMevel resolution to tar- 
get resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



I. SoPEC relies on dither matrices and tag structures to have already been set up, but these are not considered to be part of a general paire 
format. It ts trivial to extend the page format to allow exact specification of dither matrices and tag structures. 
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Table 3. Page header format 



bMevel layer horizontal scale fac- 
tor 



16-bit integer 



Scale factor in horizontal direction from bMevel resolution to 
target resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 6-bits the numerator and 
the lower 8 bits the denominator. 



bMevel layer page width 



16-bit integer 



Width of bi-ievel layer page, in pixels. 



bMevel layer page height 



32-bit integer 



Height of bMevel layer page, in pixels. 



cent one flags 



16 bit integer 



Defines the color conversion that is required for the JPEG 
data. 

Bits 2-0 specify how many con tone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY. Onry valid if b2-0 = 3 or 4. 

0 - no conversion, leave JPEG colors alone 

1 - color convert 

Bits 7-4 specifies whether the YCrCb was generated directly 
from CMY, or whether It was converted to RGB first via the 
step: R = 255-C, G = 255-M. B = 255-Y. Each of the color 
planes can be individually inverted. 
Bit 4: 

0 - do not invert color plane 0 

1 • invert color plane 0 
Bit 5: 

0 - do not invert color plane 1 

1 - invert color plane 1 
Bit 6: 

0 - do not invert color plane 2 

1 - invert color plane 2 
Bit 7: 

0 - do not invert color plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 
or non-compressed: 

0 - JPEG compressed 

1 - non-compressed 

The remaining bits are reserved (0). 



contone vertical scale factor 



16-bit integer 



Scale factor in vertical direction from contone channel resolu- 
tion to target resolution. Valid range = 1-255. May be non-inte- 
ger. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



contone horizontal scale factor 



1 6-bit integer 



Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range = 1-255. May be non- 
integer. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



contone page width 



16-bit integer 



Width of contone page, in contone pixels. 



contone page height 



32-bit Integer 



Height of contone page, in contone pixels. 



reserved 



up to 128 
bytes 



Reserved and 0 pads out page header to multiple of 128 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format 
If the signature and/or version are missing or incompatible with the CPU, then the CPU can reject the 
page. 
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The contone flags define how many contone layers are present, which typically is used for defining 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY, they can be 
optionally stored as YCrCb, and further optionally color space converted from CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed. 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-level or contone scale factors are not 
factors of the target page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area. 

The tag parameters specify whether or not Netpage tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided 
The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8. 1.2. 2 Band format 

Table 4 shows the format of the page band header. 

Table 4. Band header format 



escripll 



signature . 


16-bit integer 


Page band header format signature. 


version 


16-bit integer 


Page band header format version number. 


structure size 


16-bit integer 


Size of page band header. 


bi-level layer band height 


16-bit integer 


Height of bi-level layer band, in black pixels. 


bi-level layer band data size 


32-bH integer 


Size of bWevel layer band data, in bytes. 


contone band height 


16-bit integer 


Height of contone band, in contone pixels. 


contone band data size 


32-bit integer 


Size of contone plane band data, in bytes. 


tag band height 


16-bit integer 


Height of tag band, In dots. 


tag band data size 


32 -bit integer 


Size of unencoded tag data band, in bytes. 
Can be 0 which indicates that no tag data is 
provided. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data 
The variable-size black data follows the page band header. 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable tag data half-lines as required by the tag encoder. The format of the 
tag data is found in Section 26.5.2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 
Table 5. Page band data format 









black data 


Modified G4 facsimile bitstream 1 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone datalayer. 


tag data map 


Tag data array 


Tag data format See Section 26.5.2. 
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ti See section 8.1 .2.3 on page 31 for note regarding the use of this standard 
The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundary. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer, section 26.5.1 on page 365 describes the format of the tag data structures. 



8. 1 .2.3 BNevel data compression 

The (typically 1600 dpi) black bi-level layer is losslessly compressed using Silverbrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified run length encodings. Typically compression ratios exceed 10:1. The encoding are listed in 
Table 6 and Table 7 

Table 6. Bi-LeveJ group 4 facsimile style compression encodings 



same as 

Group 4 Facsimile 


1000 "~ ~~— 


Pass Command: aO <- b2, skip next two edges 


1 


Vertlcat(0): aO <- b1 . color a Icolor 


110 


Vertical(1): aO <- b1 +1, color = Icolor 


010 


Vertical(-I): aO «- b1 - 1 , color = Icolor 


110000 


VerticaJ(2): aO b1 + 2. color = Icolor 


010000 


Vertical(-2): aO <- b1 - 2, color = Icolor 


Unique to this 
implementation 


1OOOO0 


Vertical(3): aO b1 + 3, color a Icolor 


000000 


VerticaI(-3): aO <- b1 - 3, coior a Icolor 


<RL><RL>100 


Horizontal: aO «- aO + <RL> + <RL> 



SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special run-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter The special run-length code is always executed as a run-length code, 
followed by pass through. The pass through escape code is a medium length run-length with a run of less 
than or equal to 31. 

Table 7. Run length (RL) encodings 











RRRRR1 


Short Black Runlength (5 bits) 




RRRRR1 


Short White Runlength (5 bits) 




RRRRRRRRRR10 


Medium Black Runlength (10 bits) 




RRRRRRRR10 


Medium White Runlength (8 bits) 


c 


RRRRRRRRRR10 


Medium Black Runlength with RRRRRRRRRR <= 31. 
Enter pass through 


5 to thii 
nentatii 


RRRRRRRR10 


Medium White Runlength with RRRRRRRR <= 31 , 
Enter pass through 


|i 


RRRRRRRRRRRRRRROO 


Long Black Runlength (15 bits) 


ft 


RRRRRRRRRRRRRRROO 


Long White Runlength (15 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-level data is optionally self contained. The first line of each band therefore is based on a 
•previous* blank line or the last line of the previous band. 

- 8.1.2.3.1 Group 3 and 4 facsimile compression 

The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-level data for transmission 
over slow and noisy telephone lines. The bi-level data represents scanned black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for halftoned bi-level images). The ID Group 3 algorithm ruriength-encodes each scanline and then 
Huffman-encodes the resulting runlengths. Runlengths in the range 0 to 63 are coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64, followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-up codes 
followed by a terminating code. The Huffman tables are fixed, but are separately tuned for black and white 
runs (except for make-up codes above 1728, which are common). When possible, the 2D Group 3 algo- 
rithm encodes a scanline as a set of short edge deltas (0, +1, ±2, +3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc ) Edges 
within a 2D-encoded line which can't be delta-encoded are runlength-encoded, and are identified by a pre- 
fix. ID- and 2D-encoded lines are marked differently. ID-encoded lines are generated at regular intervals 
whether actually required or not, to ensure that the decoder can recover from line noise with minimal' 
image degradation. 2D Group 3 achieves compression ratios of up to 6: 1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission over error-free 
communications lines (i.e. the lines are truly error-free, or error-correction is done at a lower protocol 
level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 
since transmission is assumed to be error-free, ID-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60- 1 for the 
CCITT set of test images [28]. 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (100- 
400 dpi), and it encodes runlengths exceeding 2623 awkwardly. 

8.1.2.4 Contone data compression 

The contone layer (CMYK) is either a non-compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and Huffman tables. 

The contone data is optionally converted to YCrCb before being compressed (there is no specific advan- 
tage in color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G=255-M B=255-Y. 
Optional bitwise inversion of the K plane may also be performed. Note that this CMY to RGB conversion 
^™ m ^ nded '° accurate for rtsP 1 ^ Purposes, but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 

8.1.2.4.1 JPEG compression 

The JPEG compression algorithm [23] lossily compresses a contone image at a specified quality level It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 
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JPEG typically first transforms the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrorriinance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image energy in rel- 
atively lower-frequency coefficients, which allows higher-frequency coefficients to be more crudely quan- 
tized. This quantization is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to rnaximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding runs of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1*2.4.2 Non-compressed format 

If the contone data is non-compressed, it must be in a block-based format bytestream with the same pixel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top left 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks (left to right) and so on 
until the lower row of 8x8 blocks (left to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded units). The ratio of space between the various color planes in the JPEG stream is 
1:1:1:1. No subsampling is permitted. Banding can be completely arbitrary i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (in RIP) 

YCrCb is defined as per CCIR 601-1 [20] except that Y, Cr and Cb are normalized to occupy all 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC. 

The exact color conversion computation is as follows: 

• Y* - (9805/32768)R + ( 1923 5/3 2768)G + (3728/32768)B 

• Cr* =(16375/32768)R- (13716/32768)G - (2659/32768)B + 128 

• Cb* - -(5529/32768)R - (1 0846/3 2768)G + ( 163 75/3 276 8)B + 128 

Y, Cr and Cb are obtained by rounding to the nearest integer. There is no need for saturation since ranges 
of Y*. Cr* and Cb* after rounding are [0-255], [1-255] and [1-255] respectively. Note that full accuracy is 
possible with 24 bits. See [14] for more information. 
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9 



Overview 



The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
level dot data as output The bi-level dot data is generated for the Memjet bi-lithic printhead The dot gen- 
eration process takes account of printhead construction, dead nozzles, and allows for fixative generation. 

A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec 1 , equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Letter pages. The 6 
channels of colored ink are the expected maximum in a consumer SOHO, or office Bi-lithic printing envi- 
ronment: 

• CM Y, for regular color printing. 

• FC, for black text, line graphics and gray-scale printing. 

• IR (infrared), for Netpage-enabled [5] applications. 

• F (fixative), to enable printing at high speed. . Because the bi-lithic printer is capable of printing so fast, 
a fixative may be required to enable the ink to dry before the page touches the page already printed. 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required. 

SoPEC is color space agnostic. Although it can accept contone data as CMYX or RGBX, where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally, SoPEC pro- 
vides a mechanism for arbitrary mapping of input channels to output channels, including combining dots 
for ink optimization, generation of channels based on any number of other channels etc. However, inputs 
are typically CMYK for contone input, K for the bi-level input, and the optional Netpage tag dots are typ- 
ically rendered to an infra-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead. 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into the 
page store as each band of information is consumed and becomes free. 

SoPEC provides an interface for synchronization with other SoPECs. This allows simple multi-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However, SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization functionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex printing and wide format printing. 

Table 8 lists some of the features and corresponding benefits of SoPEC. 
Table 8. Features and Benefits of SoPEC 




Optimised print architecture in hardware 30ppm full page photographic quality color printing 
. from a desktop PC 



0.13micron CMOS High speed 

(>3 million transistors) Low cost 

. . ■ . High functionality 



1 . 10,000 lines per second equates to 30 A4/Lcttcr pages per minute at 1600 dpi 
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Table 8. Features and Benefits of SoPEC 







90O Million cots per second 


Extremely fast page generation 


10,000 lines per second at 1600 dpi 


0.5 A4/Letter pages per SoPEC chip per second 




low cost page-wfdtn printers 


1 chip drives up to 6 color planes 


99% of SoHo printers can use 1 SoPEC device J 


Integrated ORAM 


No external memory required, leading to low cost 
systems 


Power saving sleep mode 


SoPEC can enter a power saving sleep mode to 
reduce power dissipation between print jobs 


JPEG expansion 


Low bandwidth from PC 

Low memory requirements in printer 


Lossless bitplane expansion 


High resolution text and line art with low bandwidth 
from PC (e.g. over USB) 


Netpage tag expansion 


Generates interactive paper 


Stochastic dispersed dot dither 


Opticalry smooth image quality 
No moire effects 


Hardware compositor for 6 image planes 


Pages composited in real-time 


Dead noz2fe compensation 


Extends printhead life and yield 
Reduces printhead cost 


uoior space agnostic 


Compatible with all inksets and image sources 

iriiriuuHiy nuD, v^rvi r f\, spoi, v»*lt L a D , hex- 

achrome, YCrCbK, sRGB and other 


Color space conversion 


Higher quality / lower bandwidth 


Computer interface 


USR1 1 intarfaf*A frf\ Unci anr4 iCl :_ _ ini 

\j>jo i . i interlace 10 nosi ana loi in terrace to 1 Si- 
Bridge chip thereby allowing connection to IEEE 
1394, Bluetooth etc. 


Cascadable in resolution 


Printers of any resolution 


Cascadable in color depth 


Special color sets e.g. hexachrome can be used 


Cascadable in image size 


Printers of any width up to 16 inches 


Cascadable in pages 


Printers can print both sides simultaneously 


Cascadable in speed 


Higher speeds are possible by having each SoPEC 
print one vertical strip of the page. 


Fixative channel data generation 


Extremely fast ink drying without wastage j 


Built-in security 


Revenue models are protected 


Undercolor removal on dot-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitution or missing fonts 


Flexible printhead configuration 


Many configurations of printheads are supported by 
one chip type 


Drives BHithic printheads directly 


No print driver chips required, results in lower cost 


Determines dot accurate ink usage 


Removes need for physical ink monitoring system in 
ink cartridges 



9,1 Printing rates 



The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 cm. To 
achieve a 30 sheets per minute print rate, this requires: 
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300mm x 63 (dot/mm) / 2 sec =» 1 05.8 jiseconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec =* 93.3 ^seconds per line, with a 4 cm inter-sheet gap. 

A printline for an A4 page consists of 13824 nozzles across the page [2]» At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 ^seconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deliver this print data to the print-heads. 

Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhead combinations [2]. Print data is trans- 
ferred to both print heads in a pair simultaneously. This means the longest time to print a line is determined 
by the time to transfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head The print data is transferred to the printhead at a rate of 1 06 MHz (2/3 of the system clock rate) per 
color plane. This means that it will take 91.9 \is to transfer a single line for a 7:3 printhead configuration. 
So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 1 1 1 60 across an 8 inch printhead To transfer the data to the printhead at 1 06 MHz 
will take 105.3 us. So an 8:2 printhead combination printing with an inter-sheet gap will print slower than 
30 sheets per minute. 



9.2 SOPEC BASIC ARCHITECTURE 

From the highest point of view the SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 

See Figure 13 for a block level diagram of SoPEC. 
9.2.1 CPU Subsystem 

| The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 

port for interfacing and synchronising the external printer with the internal print engine. It also controls the 
low speed communication to the QA chips. The CPU subsystem contains various peripherals to aid the 

| CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 

Serial Communications Block (SCB) on the CPU subsystem provides a full speed USB 1.1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 



9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow sufficient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

9.2.3 Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
| 2 segments of a bi-lithic printhead. 

The first stage of the page expansion pipeline is the CDU, LBD and TE. The CDU expands the JPEG-com- 
pressed contone (typically CMYK) layer, the LBD expands the compressed bi-level layer (typically K), 
and the TE encodes Netpage tags for later rendering (typically in IR or K. ink). The output from the first 
stage is a set of buffers: the CFU, SFU, and TFU. The CFU and SFU buffers are implemented in DRAM. 
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The second stage is the HCU, which dithers the contone layer, and composites position tags and the bi- 
level spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bi-level data are produced from this stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing purposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color redundancy and error dif- 
fusing dead nozzle data into surrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buffered and written out to a set of line 
buffers stored in DRAM via the DWXJ. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accepts data from the LLU at the system clock rate (pclk), while the PHI removes data from the 
| FIFO and sends it to the printhead at a rate of 2/3 times the system clock rate (see Section 9.1). 




Doc: S6PEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 38 



SoPEC : Hardware Design 



CPU sub-system 



CPU 



RDU 



j MMU 



Maste 



TIM 



-Slave 
H - \'M 



Boot ROM 



Slave- 



ICU 



Slave 

H- H 



PSS 



Slave 
H — : H 



•USBHost 



USB PHY 



SCB t 
i 
i 
I 



USB 
Device 




DMA 
Crt) 


4 — ► 






ISI 




4^H> 





^ Slave 



i: 
l 



^rtotor Control. 
. LSS, ISI. 
' LED, etc. 



I 



_ — — — . j 



CPR 



Stave 



GPIO 



Stave 
4 H 



LSS 
Master 



Slave 



eDRAM 



DIU 



SJave; 



Bus 

CPU Subsystem 



4 stave » PCU 



DRAM sub-system 



dram bus ; prjnt Engine pipeline sub-system 



Master 



CDU 



CFU 



LBD 



SFU 



TE 



TFU 



HCU 



DNC 



DWU 



LLU 



PHI 



; PEP Configuration Bus 

Figure 13. SoPEC System Top Level partition 



BMithic 
Printriead 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 39 



SoPEC : Hardware Design 



9.3 SoPEC Block Description 

Looking at Figure 1 3, the various units are described here in summary form: 



Table 9. Units within SoPEC 



mi 


[SSI 






ORAM 


DIU 


DRAM Interface unit 


Provides the Interface for DRAM read and write access 
for the various SoPEC units, CPU and the SCB block. 
The DIU provides arbitration between competing units 
controls DRAM access. 


DRAM 


Embedded DRAM 


20Mbits of embedded DRAM, 


CPU 




Central Processing Unit 


CPU for system configuration and control 


MMU 


Memory Management Unit 


unuia ouuisa io ceriajn memory aoaress areas in CPU 
user mode 


RDU 


Real-time Debug Unit 


Facilitates the observation of the contents of most of the 
CPU addressable registers in SoPEC In addition to 
some pseudo-registers in realtime. 


TIM 


General Timer 


Contains watchdog and general system timers 


LSS 


Low Speed Serial Interfaces 


Low level controller for interfacing with the OA chips 


GPIO 


General Purpose lOs 


General IO controller, with built-in Motor control unit, 
LED pulse units and de-glitch circuitry 


ROM 


Boot ROM 


16 KBytes of System Boot ROM code 


ICU 


Interrupt Controller Unit 


General Purpose interrupt controller with configurable 
priority, and masking. 


CPR 


Clock. Power and Reset 
block 


Central Unit for controlling and generating the system 
clocks and resets and powerdown mechanisms 


PSS 


Power Save Storage 


Storage retained while system is powered down 


USB 


Universal Serial Bus Device 


USB device controller tor interlacing with the Host USB. 


ISf 


Inter-SoPEC Interface 


' ISI controller for data and control communication with 
other SoPEC's in a multi-SoPEC system 




SCB 


Serial Communication Block 


Contains both the USB and ISI blocks. 
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Table 9. Units within SoPEC 



DM 






Print Engine 

Pipeline 

(PEP) 


PCU 


PEP controller 


Provides externa] CPU with the means to read and write 
PEP Unit registers, and read and write DRAM in single 
32-bit chunks. 




CDU 


Contone decoder unit 


Expands JPEG compressed contone layer and writes 
decompressed contone to DRAM 




CPU 


Contone FIFO Unit 


Provides line buffering between CDU and HCU 




LBD 


Lossless Bi-level Decoder 


Expands compressed bi-level layer. 




SFU 


Spot FIFO Unit 


Provides line buffering between LBD and HCU 




TE 


Tag encoder 


Encodes tag data into line of tag dots. 




TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 




HCU 


HaJftoner compositor unit 


Dithers contone layer and composites the bl-level spot 0 
and position tag dots. 




DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by color redundancy and 
error diffusing dead nozzle data into surrounding dots. 




DWU 


Dotline Writer Unit 


Writes out the 6 channels of dot data for a given Printline 
to the line store DRAM 




LLU 


Line Loader Unit 


Reads the expanded page image from line store, format- 
ting the data appropriately for the bi-lithic printhead. 




PHI 


Print He ad Interface 


Is responsible for sending dot data to the bMithic print- 
heads and for providing tine synchronization between 
multiple SoPECs. Also provides test interface to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9.4 Addressing scheme in SoPEC 

SoPEC must address 

• 20 Mbit DRAM. 

• PCU addressed registers in PEP. 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU generates byte-aligned addresses for 
the whole of SoPEC. 

22 bits are sufficient to byte address the whole SoPEC address space. 

9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256-bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required. 

• The CPU-subsystem always generates a 22-bit byte-alighed DIU address but it will send flags to the 
DIU indicating whether it is an 8, 16 or 32-bit write. 
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All DIU accesses must be within the same 256-bit aligned DRAM word 



9.4.2 



PEP Unit DRAM addressing 



PEP Unit configuration registers which specify DRAM locations should specify 256-bit aligned DRAM 
addresses i.e. using address bits 21 :5. Legacy blocks from PEC1 e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3. However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PEC1, there are no constraints in SoPEC on data organization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the Last word 
should be padded. 



The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See sec- 
tion 1 1.4 for more details of the access protocol used on this bus. The CPU-bus does not currently support 
byte reads and writes but this can be added at a later date if required by imported IP. 



The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address map and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perform a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 



9.4.3 



CPU-bus addressed registers 



9.4.4 



PCU addressed registers in PEP 
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9.5 SoPEC Memory Map 



9,5.1 Main memory map 



The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DfU bus and are 
controlled by 
permissions set in^ 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x002A_COO0 
0x002A_0000 
0x0029_0000 
0x0028^0000 




DRAM 
Regions 



0x0000_0000 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 10 below. The MMU 
performs the decode of cpu_adr[2l:12] to generate the relevant cpujblock^select signal for each block. 
The addressed blocks decode however many of the lower order bits of cpujadr[l 1:2] are required to 
address all the registers within the block. 

Table 10. CPU-bus peripherals address map 



MMU_base 


0x0029^0000 


TJM.base 


0xOO29_1000 


LSS.base 


0x0029_2000 


GPl6_base 


0xO029_3000 | 


SCB_base 


0x0029_4000 
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Table 10. CPU-bus peripherals address map 







ICLLbase 


0x0029.5000 


CPR_base 


OxOO29_60O0 


ROM_base 


0xOO29_7O00 


DlU.base 


0x0029_8000 


PSS_base 


0x0029_9000 


Reserved 


0xOO29_A000 to Ox0029_FFFF 


PCU_base 


Ox002A_0000 to 0x002A_BFFF 



9.5.3 PCU Mapped Registers (PEP blocks) address map 

The PEP blocks are addressed via the PCU. From Figure 14, the PCU mapped registers are in the range 
Ox002A_0000 to 0x002 A_BFFF. From Table 1 1 it can be seen that there are 1 2 sub-blocks within the PCU 
address space. Therefore, only four bits are necessary to address each of the sub-blocks within the PEP 
part of SoPEC. A further 1 2 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block (the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to individually address them). This address will come 
either from the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address[15:I2] = sub-block address, 

• address[n:2] » register address within sub-block, only the number of bits required to decode the regis- 
ters within each sub-block are used, 

• address[l :0] = byte address, unused as PCU mapped registers are all 32-bit addressed registers. 

So for the case of the HCU, its addresses range from 0x7000 to 0x7FFF within the PEP subsystem or from 
Ox002A_7000 to OxO02AJ7FFFF in the overall system. 



Table 11. PEP blocks address map 



wmmmmmmmiMM 


PCU.base 


0xO02A_0O00 """" 


CDlLbase 


0x002A_1000 


CFLLbase 


0x002A„2OO0 


LBD_base 


0x002A_3000 


SFU_base 


OxOO2A_40O0 


TE_base 


0xOO2A_50O0 


TFU.base 


Ox002A_6000 


HClLbase 


Ox002A_7000 


ONC_base 


Ox002A_8000 


DWU.base 


0xOO2A_9000 


LLU_base 


0xOO2A_A000 


PHLbase 


0x0O2A_BO00 to 0x002A_BFFF 
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9.6 



Buffer management in SoPEC 



As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds i.e. 30 sides per 
minute. 



9.6.1 



Page buffering 



Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the time to transfer 2 Mbyte using USB 1.1 is approximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 1 5 pages per minute. 



The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 

Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to allow seamless 30 sides per minute printing but not so 
small as to introduce excessive CPU overhead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the complete page has been transferred to memory there is a risk of a buffer 
underrun occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer underrun occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to fail at that line. If there is no risk of buffer underrun then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest approach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USB 1.1) will be incurred before printing 
the first page. Subsequent pages will take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth data 
delivery. The print system could also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be determined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 



9.6.2 



Band buffering 
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10 SoPEC Use Cases 



10.1 Introduction 

This chapter is intended to give an overview of a representative set of scenarios or use cases which SoPEC 
can perform. SoPEC is by no means restricted to the particular use cases described here. 

In this chapter we discuss SoPEC use cases under four headings: 

1) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be composed of a number of sub-tasks. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1 .3 Realtime requirements. 

10.2 Normal operation in a single SoPEC System with USB Host connection 

SoPEC operation is broken up into a number of sections which are outlined below. Buffer management in 
a SoPEC system is normally performed by the Host. 

10.2.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1 ) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU DRAM initialisation. USB Wakeup. 

4) Download and authentication of program (see Section 10.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) Download and authenticate any further datasets. 

10.2.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16), Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset from the SCB. 
A typical USB wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) Download and authenticate using results in PSS of any further datasets (programs). 

1 0.2.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 

10.2.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 

First page, first band download and processing: 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is*, 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band, 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band- related register updating mechanism is being used. 

10.2.5 Start printing 

1 ) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
undemin occurring because compressed page data was not transferred to SoPEC in time e.g. due to 
insufficient USB bandwidth caused by another USB peripheral consuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 12. 



Table 12. Typical PEP Unit startup order for printing a page. 





1 


DNC 


2 


DWU 


3 


HCU 
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Table 12. Typical PEP Unit startup order for printing a page. 







4 


PHI 


5 


LLU 


6 


CFU, SFU. TFU 


7 


CDU 


8 


TE. LBD 



3) Print ready interrupt occurs (from PHI). 

4) Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt. * 

5) Drive LEDs, monitor paper status. 

6) Wait for page alignment via page sensor(s) GPIO interrupt. 

7) CPU instructs PHI to start producing line syncs and hence commence printing, or wait for an exter- 
nal device to produce line syncs. 

8) Continue to download bands and process page and band headers for next page. 

10.2.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.2.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed. This can be via PCU commands from DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogrammed directly by the CPU or most likely by updating from shadow registers. The finished band 
flag interrupts the CPU to tell the CPU that the area of memory associated with the band is now free. 

10.2.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.2.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is defined in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Communicate ink usage to QA chips, if required. 
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Table 13. End of page shutdown order for PEP Units (TBD). 







1 


PHI (wit! shutdown by itself In the normal case at the end of a page) 


2 


DWU (shutting this down stalls the ONC and therefore the HCU and above) 


3 


LIU (should already be halted due to PHI at end of last line of page) 


4 


TE (this is the only dot supplier likely to be running, halted by the HCU) 


5 


CDU (this is fikefy to already be halted due to end of contone band) 


6 


CFU. SFU, TFU, LBD (order unimportant, and should already be halted due to end of 
band) 


7 


HCU. DNC (order unimportant, should already have halted) 



1 0.2.1 0 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

10.2.11 End of document 

1) Stop motor control. 

10.2.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC is about to power down. 

10.2.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 1 6. 

1) Instruct Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 
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10.3 Normal operation in a Multi-SoPEC System - ISIMaster SoPEC 

In a multi-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB i.l connection, the SoPEC with the USB connection is 
the ISIMaster. The ISI-bridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 

In a multi-SoPEC system one of the SoPECs will be the PrintM aster. This SoPEC must manage and con- 
trol sensors and actuators e.g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the system. An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRINTER^QA chip (or at least 
access to a PRINTER_QA chip that contains the SoPECs SOPEC_id_key) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 

In general the ISIMaster may need to be able to: 

• Send messages to the ISISlaves which will cause the ISISlaves to send their status to the ISIMaster. 

• Instruct the ISISlaves to perform certain operations. 

As the ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow these commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISISlaves. 

SoPEC operation is broken up into a number of sections which are outlined below, 

10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 10.53). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

9) Download and authenticate any further datasets (programs). 

10) The initial dataset may be broadcast to all the ISISlaves. 

1 1) ISIMaster master SoPEC then waits for a short time to allow the authentication to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) If all ISISlaves report successful authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[1 6]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the-ISIMaster. 

5) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) Download and authenticate any further datasets (programs) using results in Power-Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powerup. 

10.3.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a ISISlave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly Instruct ISISIaves to also perform this operation. 

4) Initiate printhead pre-heat sequence, if required. Instruct ISISIaves to also perform this operation 

10.3.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Poll ISISIaves for DRAM status and download compressed data to ISISIaves. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

Poll ISISIaves for DRAM status and download compressed data to ISISIaves. 

10.3.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 1 2. 

3) Print ready interrupt occurs (from PHI). Poll ISISIaves until print ready interrupt. 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otherwise feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor paper status (which may be on an ISISlaves SoPEC). 

6) Wait for page alignment via page sensor(s) GPIO interrupt (which may be on an ISISlaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an external device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

1 0.3.6 Next page(s) download 

As for first page download, performed during printing of current page. 



10.3.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU, tell the CPU that the area of 
memory associated with the band is now free. 



10.3.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 



10.3.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips, if required. 



10.3.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

10.3.11 End of document 

1) Stop motor control. This may be on an ISISlave SoPEC. 

10.3.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instruct ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes. 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a muiti-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster. 
Buffer management in a SoPEC system is normally performed by the Host. 



10.4.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. 

4) Download and authentication of program (see Section 10.5.3). 

5) Store reusable cryptographic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISHd to ISIMaster. 

9) Download and authenticate any further datasets. 

10.4.2 ISI wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled In an ISISlave SoPEC, wakeup can be initiated following an ISI reset from the SCB. 

A typical ISI wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

8) Download and authenticate any further datasets. 



10.4.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the first band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.4.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the order defined in Table 1 2. 

3) Print ready interrupt occurs (from PHI). Communicate to ISIMaster via ISI link. 

4) Start motor control, if attached to this ISISlave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step could occur before the print ready interrupt 

5) Drive LEDS, monitor paper status, if on this ISISlave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page sensor(s) GPIO interrupt, if on this ISISlave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing. 

8) Continue to download bands and process page and band headers for next page. 

10.4.6 Next page(s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
memory associated with the band is now free. 

10.4.8 During page print 

Typically during page printing ink usage is communicared to the Q A chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 

These operations are typically performed when the page is finished: 



1) Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISIMaster. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips, if required. 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



10.4.11 End of document 

Stop motor control, if attached to this ISISlave, when requested by ISIMaster. 

10.4.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Powerdown ISISlave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 



10.4.10 Start of next page 



[16]. 



I) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Overview* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification, Section 17.2. 

10.5*1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK_QA and PRJNTER_QA) will 1 take place on 
at least a per power cycle and per page basis. Communication with the QA chips has three principal pur- 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and authenticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the Q A chipset. SoPEC may also initiate decoy communications with the QA chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRINTER_QA and INK_QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The communication channels are insecure but all traffic is 
signed to guarantee authenticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered In this 
case both the PRINTER_QA and INK_QA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the communication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that are not signed 
by one of the symmetric keys (such as the SoPEC_idJcey) could be reverse engineered. The imposter 
device must also have access to the appropriate keys to crack the system. 

• If the secret keys in the QA chips are exposed or cracked then the system, or parts of it, is compro- 
mised. 

Assumptions: 

[X] The QA chips are not involved in the authentication of downloaded SoPEC code 

[2 ] The QA chip in the ink cartridge (INK_QA) does not directly affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
[3] The INK_QA and PRINTER^ A chips are identical in their virgin state. They only become a 

INK_QA or PRINTER_QA after their FlashROM has been programmed. 



10.5.2 Authentication of downloaded code in a single SoPEC system 
Process; 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The program is downloaded to the embedded DRAM. 

3) The CPU calculates a SHA-l hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected S HA- 1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is very likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded* has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple 'turn on the lights' tasks after which the Host 
PC is informed that the printer is ready to print and the Start Printing use case comes into play. 

Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to reprogram the bootOkey. 

10.5.3 Authentication of downloaded code in a multi-SoPEC system 

10.5.3.1 ISIMaster SoPEC Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSI. 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

6) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

10) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present 

1 1) If any slave reports a failed authentication then the ISIMaster communicates this to the Host PC and 
puts itself into powerdown mode. 
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12) If all ISISlaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the multi-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

14) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC determines that all SoPECs are ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



10.5.3.2 fSlSlave SoPEC Process: 

1) When the CPU comes out of reset the SCB should still be in slave mode, and the SCB is already 
configured to receive data from the ISIMaster. 

2) The program is downloaded to embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match, then the ISISlave device will await a new program again, eventu- 
ally timing out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will communicate the result of its authentication process to 
the ISIMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and authenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple i tum on the lights' tasks after which the master 
SoPEC is informed that this slave is ready to print. The Start Printing use case then comes into play. 



Known Weaknesses 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised 

• ISI is an open interface i.e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISIMaster and ISISlave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 

The SoPEC IC will be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRINTER_QA chip, to securely communicate these parameters to the SoPEC and to securely reprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of data) will have its own PRINTER_QA chip (or at least access to a 
PR1NTER_QA that contains the SoPEC's SoPEC_id_key). Therefore both ISIMaster and ISISlave 
SoPECs will need to authenticate operating parameters. 

Process: 

1) Program code is downloaded and authenticated as described in sections 10.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_key from the unique SoPEC_id that was 
programmed when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRINTER_QA chip. The 
PRINTER_QA chip uses the SoPEC_id_key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_Jcey. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicense_key t 
which is stored on the PRINTER_QA and used to authenticate the change in operating parameters. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEC_id by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPEC_idJcey) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEQJd is compromised, the other keys in the system, which protect the 
authentication of consumables and of program code, are unaffected. 
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10.6 



Miscellaneous Use Cases 



There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 



10.6.1 Disconnect / Re-connect of OA chips. 

1) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 

10.6.2 Page arrives before print ready interrupt. 

1) Engage clutch to stop paper until print ready interrupt occurs. 

10.6.3 Dead-nozzle table upgrade 



This sequence is typically performed when dead nozzle information needs to be updated by performing a 
printhead dead nozzle test. 

1) Run printhead nozzle test sequence 

2) Either Host or SoPEC CPU converts dead nozzle information into dead nozzle table. 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 Failure Mode Use Cases 



10.7.1 System errors. and security violations 

System errors and security violations are reported to the SoPEC CPU and Host. Software running on the 
SoPEC CPU or Host will then decide what actions to take. 



Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

OEM code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC does not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 



10.7.2 Printing errors 

Printing errors are reported to the SoPEC CPU and Host. Software running on the Host or SoPEC CPU 
will then decide what actions to take. 



Insufficient space available in SoPEC compressed band-store to download a band. 
1) Report to the Host PC. 

Insufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer underrun interrupt will occur. 

2) Report to Host PC and abort print run. 

JPEG decoder error interrupt. 
1) Report to Host PC. 
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CPU Subsystem 
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11 Central Processing Unit (CPU) 

11.1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fulfill in the system are: 

Communications: 

• Control the flow of data from the USB interface to the DRAM and ISI 

• Communication with the host via USB or ISI 

• Running the USB device driver 

PEP Subsystem Control: 

• Page and band header processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle information from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve printhead temperature via the PHI 

Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTER_QA and INK_QA chips 

• Monitor ink usage 

• Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving front panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management (likely to be in conjunction with the host PC) 

• Miscellaneous housekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least equiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller running at 16 MHz. An as yet undetermined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present. A number of CPU cores have been evaluated and the LEON PI 754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 15 below. 
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Figure 15. CPU block diagram 
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| 11.2 Definitions of I/Os 

I Table 14. CPU Subsystem l/Os 





Clocks and Resets 


prst_n 


1 j 


In 


Global reset. Synchronous to pdk, active low. 


perk 


1 


In 


Global clock 


CPU to DIU DRAM Interface 


cpu_adr[21 :0] 


22 


Out 


Address bus for both ORAM and peripheral access 


cpu_dataout[31:0] 


32 


Out 


Data out to both DRAM and peripheral devices. This should be 
driven at the same time as the cpu_adrand request signals. 


d ram_cpu_data[255:0J 


256 


In 


Read data from the DRAM 


cpu_diu_rreq 




Out 


Read request to the DIU DRAM 


diu_cpu_rack 




tn 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvalid 




In 


Signal from DIU telling SoPEC Unit that vaJid read data is on the 
dra m_ cpu_da ta bus 


cpu_diu_wreq 




Out 


Write request to the DIU 


dtu_cpu_wack 




In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu_diu_wvalid 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus is valid 


cpu_diu_wmask(1 :0] 


2 


Out 


Flag indicating format of CPU write to DRAM 
cpu_diu_wma$k - 00: 8-bit write 
" cpu_diu_wmask = 01 : 16-bit write 
cpu_diu_wmask = 10: 32-bit write 
cpu_diu_ wmask = 1 1 : reserved 

cpu_adr(2:0} are driven in accordance with the width of the data 
access indicated by cpu_diu_ wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


CPU to peripheral blocks 


cpu_rwn 


1 


Out 


Common read/not-write signal from the CPU 


cpu_acode{1:0) 


2 


Out 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[1 j - User (0) / Supervisor (1) access 


cpu_cpr_sel 


1 


Out 


CPR block select. 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means cpu^dataout 
has been registered by the CPR block and for a read cycle this 
means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


In 


CPR bus enor signal to the CPU. 


cpr_cpu_data{31 :0] 


32 


In 


Read data bus from the CPR block 


cpu_gpio_sel 


1 


Out 


GPIO block select 


gpio_cpu_rdy 


1 


In 


GPIO ready signal to the CPU. 


gpio_cpu_berr 


1 


In 


GPIO bus error signal to the CPU. 


gpio_cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO block 


cpu_icu_sel 


1 


Out 


ICU Wock select 


1cu_cpu_rdy 


1 


In 


ICU ready signal to the CPU. 


icu_cpu__berr 


1 


In 


ICU bus error signal to the CPU. 


teu_cpu_data(3 1 :0] 


32 


In 


Read data bus from the ICU block 
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Table 14. CPU Subsystem l/Os 







pit 




cpu_lss_sel 


1 


Out 


LSS block select - 


lss__cpu_rdy 


1 


In 


LSS ready signal to the CPU. 


lss_cpu_berr 


1 


In 


LSS bus error signal to the CPU. 


Iss.cpu^dataCSI :0] 


32 


In 


Read data bus from the LSS block 


cpu_pcu_sel 


1 


Out 


PCU block select 


pcu_cpu_rdy 


1 


In 


PCU ready signal to the CPU. 


pcu_cpu_berr 


1 


In 


PCU bus error signal to the CPU. 


pcu_cpu_dataf31 :0J 


32 


In 


Read data bus from the PCU block 


cpu_scb_sel 


1 


Out 


SCB block select 


scb_cpu_rdy 


1 


In 


SCB ready signal to the CPU. 


scb_cpu_berr 


1 


In 


SCB bus error signal to the CPU. ! 


scb_cpu_data|31 .-0] 


32 


In 


Read data bus from the SCB block 


cpu_tim_sel 


■1 


Out 


Timers block select. 


tim_cpu_rdy 


1 


In 


Timers block ready signal to the CPU. 


tim_cpu_berr 




In 


Timers bus error signal to the CPU. 


tim_cpu_data(31 :0) 


32 


In 
ill 


Read data bus from the Timers block 


cpu_rom_sel 




Out 


ROM Wock select 


rom_cpu_rdy 




In 

in 


ROM block ready signal to the CPU. 


rorn_cpu_be rr 




In 


ROM bus error signal to the CPU. 


rom_cpu_data[31 :0j 


32 


In 


Read data bus from the ROM block 


cpu_pss_se! 




Out 


PSS block select 


pss_cpu_rdy 




In 


PSS block ready signal to the CPU. 


psa_cpu_berr 




In 


PSS bus error signal to the CPU. 


pss_cpu_data[31 :0] 


32 


In 


Read data bus from the PSS block 


cpu_diu_sel 




Out 


DIU register block select. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


diu_cpu_berr 




In 


DIU bus error signal to the CPU. 


diu_cpu_dataJ31;0] j 


32 


In 


Read data bus from the DIU block 


Interrupt signals 


icu_cpu _ilevel[3 :0J 


3 


In 


An interrupt is asserted by driving the appropriate priority level on 
icu^cpuJtovQi These signals must remain asserted until the CPU 
executes an Interrupt acknowledge cycle. 


cpu_icu Jlevel[3 :0] 


3 


Out 


Indicates the level of the interrupt the CPU is acknowledging when 
cpu_iack is high 


cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


Debug signals 


diu_epu_debug_valid 


1 


In 


Signal indicating the data on the diu_cpu_data bus is valid debug 
data. 


lim_cpu_debug_valid 


1 


In 


Signal indicating the data on the tim__cpu^data bus is valid debug 
data. 


scb_cpu_debug_valid 


1 


In 


Signal indicating the data on the $cb_cpu_data bus is valid debug 
data. 
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Table 14. CPU Subsystem l/Os 





gig 






pcu_cpu_debug_valid 




In 


Signal Indicating the data on the pcu__cpu_data bus Is valid debug 
data. 


tss_cpu_detxjg_vaJid 




In 


Signal indicating the data on the lss_cpu_data bus is valid debug 
data. 


teu_cpu_debug_valid 




In 


Signal indicating the data on the icu_cpujdata bus is valid debug 
data. 


gpio_cpu_debuQ_valid 




In 


Signal indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cpr_cpu_debug_valid 




In 


Signal Indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debug_data_valid 




Out 


Debug valid signal indicating the validity of the data on 
debug_ data_out. This signal is used in ail debug configurations 


debug_cntrt 


20 


Out 


Control signal for each PHI bound debug data tine indicating 
whether or not the debug data should be selected by the pin mux 



11.3 Realtime requirements 

The SoPEC realtime requirements have yet to be fully determined but they may be split into three catego- 
ries: hard, firm and soft 

11.3.1 Hard realtime requirements 

Hard requirements are tasks that must be completed before a certain deadline or failure to do so will result 
in an error perceptible to the user (printing stops or functions incorrectly). There are three hard realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven directly by the SoPEC device. Four periodic signals with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardware (see section 13.2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management: Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor underrun occur. This buffer management is likely to be performed 
under the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will programmed in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately. An alternative solution is that the CPU 
will construct a DRAM based set of commands (see section 21 .8.5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 
based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but currently considered unlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location in DRAM to execute commands from. 
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11.3.2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation of performance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, communication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second. 



Table 15. Expected firm requirements 







Power-on to start of printing first page [USB and slave SoPEC enumeration, 3 or more 
RSA signature verifications, code and compressed page data download and chip initiali- 
sation] 


~ 8 sees ?? 


Wake-up from sleep mode to start printing {3 or more SHA-1 operations, code and com- 
pressed page data download and chip re-initialisation 


-2 sees 


Authenticate ink usage in the printer 


-0.5 sees 


OetermJntng firing pufse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


-10 ms 


Configuring PEP registers 


?? 



11.3.3 Soft requirements 

Soft requirements are tasks that need to be done but there are only light time constraints on when they need 
to be done. These tasks are performed by the CPU when there are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after they are sched- 
uled. 

11.4 Bus Protocols 

As can be seen from Figure 15 above there are different buses in the CPU block and different protocols are 
used for each bus. There are three buses in operation: 

1 1 .4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1.6.6.1 for more details. Timing and full signal details 
should be provided in the documentation accompanying this core. 

11.4.2 Cache/MMU to DIU bus 

This bus conforms to the DIU bus protocol described in Section 20.13.2. Note that the address and data 
buses are shared with the peripheral bus. the effective bus width differs between a read (256 bits) and a 
write (32/16/8 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1 .6.6.2 for more details. . 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so that the appropriate block select 
signal can be generated During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
common to all peripherals and is also used for CPU writes to the embedded DRAM. A read access is initi- 
ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri -stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but three or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks with a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a similar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these commands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals {cpu_acode[l:0]\ These signals indicate the type of address space 
(i.e. User/Supervisor and Program/Data) being accessed by the CPU for each access. Each peripheral must 
determine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal (block^cpujberr) with the same timing as its ready signal (block jcpu_rdy) which remains 
deasserted. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect. 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS block from 
code running in supervisor mode is successfully completed. This is immediately followed by a read from a 
PEP block via the PCU from code running in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handler should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 1 1 .4.3. 1 
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cpu_adr{21:0] t s ^^l LSS address | PEP address fc^s^ Supervisor stadj 

_j 



cpu_rwn 



1 



cpu_acode[1:0l fc^sl Supvr Data | User Data fr^^l Supvr Data 

cpujss_sel 

lss_cpu_rdy 



1 



lss_cpu_berr 



cpu_dataout(31:0] R^j LSS data fr^^sSS^^ 



cpu_pcu_sel 

pcu_cpu_berr 
pcu_cpu_rdy 



J 



1 



pcu_cpu_data[3l:0] j^^s^^s^^^ 0x0000,0000 



Figure 16. CPU bus transactions 

1 1.4.3. 1 CPU subsystem bus slave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 17. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
valid^access and reg_available signals. The valid_access is determined by comparing the cpujacode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting validjaccess if the permissions agree with the CPU 
mode. The reg_avai lable signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the reg_available 
signal is an internal signal used to insert wait states (by delaying the assertion of btock_cpujrdy) until the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave should return 
zeroes on the unused upper bits of the block_cpu_data bus. 

To support debug mode the contents of the register selected for debug observation, debug jreg, are always 
output on the block_cpu_data bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug operation. 
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'Write Access\_ 

Completed bioc^cpu.r^ , o 



block_cpu_berr = 0 



rsg available, 



Figure 17. State machine for a CPU subsystem slave 



11.5 LEON CPU 

The LEON processor is an open-source implementation of the IEEE- 1754 standard (SPARC V8) instruc- 
tion set. LEON is available from and actively supported by Gaisler Research (www.gaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



IEEE-1754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate instruction and data cache (Harvard architecurc) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set. Random, LRR or LRU replacement. Direct 
mapped cacches are also available and are the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode . 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC. The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently under review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge). 

The version of the LEON database that the SoPEC LEON components will be sourced from is LEON2- 
1.0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl.0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (vl.0.8 introduced support for 
set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prst_n_section[l] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 1 1.9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in [32] and [33] 
respectively. 

1 1 .6 Memory Management Unit (MMU) 

Memory Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memory system and to maintain memory page status (swapped- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affair whose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected. The MMU does not support virtual memory and physical addresses are 
used at all times - the one exception to this is the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on: the 
area of memory being accessed. The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error, instruction access error) it appears to handle them in the same manner as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap.The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 
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Accesses In this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in^ 
the MMU. 




OxFFFF FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x0O2A_C0O0 
Ox002A_0000 
0x0029^0000 
0x0028^0000 




ORAM 
Regions 



0x0000^0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

1 1.6.1 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Tahle 16 below. The MMU 
performs the decode of the high order bits to generate the relevant cpuJblock_select signal. Apart from the 
PCU, which decodes the address space for the PEP blocks, each block only needs to decode as many bits 
of cpu_adr[ll:2] as required to address all the registers within the block. 

Table 16. CPU-bus peripherals address map 







MMUJbase 


OxOO29_000O ~ ■— — — 


TIM_base 


0x0029_1000 


LSS_base 


0xOO29_2OO0 


GPIO_base 


0x0029,3000 


SCB_base 


0x0029_4000 


ICU_base 


0x0029_5000 


CPR_base 


0xO029_6000 


ROM_base 


0x0029^7000 


DIU_base 


0x0029_8000 


PSS_base 


Ox0029_9000 
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Table 16. CPU-bus peripherals address map 







Reserved 


0x0029 JVOOO to 0xO029_FFFF 


PCU.base 


OxO02A^0OOO 



11.6.2 DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 
address and with its own access permissions. 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access requirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real mappings are likely to differ significantly from this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifted by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details, see 
11.6.5.1 and 11.6.5.2. 



Table 17. Example region mapping 



wmmm 






0 


0x0000_0000 


OxOOOO.OFFF 


Silverbrook OS (supervisor) data 


1 


0x0000^1000 


0x0O00_BFFF 


Silverbrook OS (supervisor) code 


2 


Ox0O00_COO0 


0xOOOO_C3FF 


Silverbrook (supervisor/user) data 


3 


0x0000_C4O0 


OxOOOO.CFFF 


Silverbrook (supervisor/user) code 


4 


0x0026^0000 


0xO026_O3FF 


OEM (user) data 


5 


0x0026_D400 


0x0026_DFFF 


OEM (user) code 


6 


0xOO27_E000 


Ox0027_FFFF 


Shared Sifverb rook/OEM space 


7 


0xO000_O000 


0x0026_CFFF 


Compressed page store (supervisor data) 



1 1 .6.3 Non-DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028_0000 to 0x0028_FFFF): The ROM block will control the access types allowed. The 
cpuj2code[l:0] signals will indicate the CPU mode and access type and the ROM block will assert 
romjcpujberr if an attempted access is forbidden. The protocol is described in more detail in section 
1 1 .4.3. The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
ChipID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029_0000 to 0x0029_OFFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmujcpujberr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029^1000 to 0x0029_FFFF): Each peripheral block will 
control the access types allowed. Every peripheral will allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 
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any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11.4.3. 

| PCU Mapped Registers (0x002A_0000 to Ox002A_BFFF): All of the PEP blocks registers which are 

accessed by the CPU via the PCU will inherit the access permissions of the PCU. These access permis- 
sions are hard wired to allow supervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

| Unused address space (0xOO2A_C0O0 to OxFFFFJFFFF): All accesses to the unused portion of the 

address space will result in the mmu_cpujberr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated 



1 1 .6.4 Reset exception vector and reference zero traps 

When a reset occurs the LEON processor starts executing code from address 0x0000_0000\ On SoPEC the 
embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 
processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from Ox0000j)000 through 0x0000_00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028_0000 through 0x0028_00??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0xOO0OJ)000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique trap (e.g. a watchpoint 
detected trap) 

11.6.5 MMU Configuration Registers 

These are the only configuration registers in the CPU block. Note that all the MMU configuration registers 
may only be accessed when the CPU is running in supervisor mode. 



Table 18. MMU Configuration Registers 













0x00 


RegionOBottom 


17 


OxO_0000 


This register contains the physical address that 
marks the bottom of region 0 


0x04 


RegionOTop 


17 


0xF_FFFF 


This register contains the physical address that 
marks the top of region 0. Region 0 covers the 
entire address space after reset whereas aJl 
other regions are zero-sized initially. 


0x08 


R eg ion 1 Bottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 1 


OxOC 


Region 1Top 


17 


OxO_0000 


This register contains the physical address that 
marks the top of region 1 


0x10 


Region2Bottom 


17 


OxOJXXX) 


This register contains the physical address that 
marks the bottom of region 2 


0x14 


Regton3Top 


17 


0xO__0O00 


This register contains the physical address that 
marks the top of region 2 


0x18 


Reg1on3Bottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 3 


0x1 C 


Regton3Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 3 
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Table 18. MMU Configuration Registers 



^^^^ 






iH 




0x20 


Region4Bottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 4 


0x24 


Region4Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 4 




Region5Bottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 5 


0x2C 


Region 5Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 5 


0x30 


RegionSBottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 6 


0x34 


RegionSTop 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 6 


0x38 


Region7Bottom 


17 


0x0_0000 


This register contains the physicaJ address that 
marks the bottom of region 7 


0x3C 


Region7Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 7 


0x40 


RegionOControl 


6 


0x07 


Control register for region 0 


0x44 


Region 1 Control 


6 


0x07 


Control register for region 1 


0x46 


Region2Control 


6 


0x07 


Control register for region 2 


0X4 U 


Region3Control 


6 


0x07 


Control register for region 3 


0x50 


Region4Control 


6 


0x07 


Control register for region 4 


0x54 


ReglonSControt 


6 


0x07 


Control register for region 5 


0X58 


Region6Control 


6 


0x07 


Control register for region 6 


0X5C 


Region7Control 


6 


0x07 


Control register for region 7 


0x60 


BusTimeout 


16 


0X00FF 


This register should be set to the number of pclk 
cycles to wait before aborting an access with a 
bus error 


0x64 


DebugSeled 


7 


0x00 


Contains address of the register selected for 
debug observation. It is expected that a number 
of pseudo-registers will be made available for 
debug observation and these will be outlined 
during the implementation phase. 



11.6.5.1 RegionTop and RegionBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81 920 words of 256 bits each. All region 
boundaries need to align with a 256-bit word Thus only 17 bits are required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shifting the 
register value by 5 bits i.e. cpu_adr[21:0] = RegionNTop/BottomfJ 6:0] « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted. That is if a DRAM address appears in 
both Region I and Region3 (for example) the cpujacode of an access is checked against the access permis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
* not permit the access then it will not be allowed. 
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The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register. If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 



11.6.5.2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControi register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 1 9 describes the function of each bit field in the RegionNControi registers. All bits in a RegionNCon- 
troi register are both readable and writable by design. However, like all registers in the MMU, the 
RegionNControi registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 



SupervisorAccess 


2:0 


Denotes the type of access allowed when the CPU is running in 
Supervisor mode. For each access type a 1 indicates the access is 
permitted and a 0 indicates the access is not permitted. 
bitO - Data read access permission 
bit1 - Data write access permission 
bit2 - Instruction fetch access permission 


User Access 


5:3 


Denotes the type of access allowed when the CPU is running in 
User mode. For each access type a 1 indicates the access is per- 
mitted and a 0 indicates the access is not permitted. 
bit3 - Data read access permission 
bit4 - Data write access permission 
bits - Instruction fetch access permission 



11.6.5,3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the trap handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions unique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core using the above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 



11.6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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hadd431:0] — 
hwdata(31:0) — 
hrdataJ31:0) <- 
hsel — 
hwrita — 
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■> cpujack 
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-> 



cpu_rwn 
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► cpu_dhj_sel 
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Figure 19. MMU Sub-block partition, external signal view 
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Figure 20. MMU Sub-block partition, internal signal view 

11.6.6.1 LEON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols used on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 

| Table 20. LEON bridge l/Os 











Global SoPEC signals 


prst_n 


1 


tn 


Global reset. Synchronous to pcik, active low. 


pcik 


1 


In 


Global clock 


LEON Bridge to AHB signals ! 


haddr(31:0] 


32 


In 


AHB address bus 


hwdata[31:0] 


32 


In 


AHB write data bus 


hrdata[31:0] 


32 


Out 


AHB read data bus 


hsel 


1 


In 


AHB slave select signal 
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Table 20. LEON bridge l/Os 





mm 






hwrite 


1 


In 


AHB write signal: 
1 - Write access 
0 - Read access 


htrans 


2 


In 


Indicates the type of the current transfer: 
00 -IDLE 
01 • BUSY 

10- NONSEQ 

11- SEQ 


hsize 


3 


In 


Indicates the size of the current transfer: 

000 - Byte transfer 

001 - Halfword transfer 

010- Word transfer 

011- 64-bit transfer (unsupported?) 
Ixx - Unsupported larger wordsizes 


h burst 


3 


In 


Indicates if the current transfer forms part of a burst and the type of 
burst 

000 - SINGLE 

001 - INCR 

UlU-Wrl/\f*4 
011 -INCR4 
100-WRAP8 
101 - INCR8 
110-WRAP16 
111 -INCR16 


hprot 


4 


In 


Protection control signals pertaining to the current access: 
hprotJO] - Opcode(0) / Data(1) access 
hprotp] - User(0) / Supervisor access 

hprot{2] - Non-bufferable(O) / Bufferable(l) access (unsupported) 
hprot(3J - Non-cacheable(O) / Cachea We access 


hmaster 


4 


in 


Indicates the identity of the current bus master. This will always be 
the LEON core. 


hmastlock 


1 


In 


Indicates that the current master is performing a locked sequence 
of transfers. 


h ready 


1 


Out 


Active high ready signal indicating the access has completed 


hresp 


2 


Out 


Indicates the status of the transfer: 

00 - OKAY 

01 - ERROR 

10 - RETRY 

1 1 - SPLIT 


hsplit 


16 


Out 


This 16-bit split bus is used by a slave to indicate to the arbiter 
which bus masters should be allowed attempt a split transaction. 
This feature witl be unsupported on the AHB bridge 


Toplevel/ Common LEON bridge signals 


cpu_dataout(31:0] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


Cpu_rwn 


1 


Out 


Read/NotWrite signal. 1 = Current access is a read access, 0 = 
Current access is a write access 


icu__cpu_ilevel[3:0] 


4 


In 


An interrupt is asserted by driving the appropriate priority level on 
tcu^cpujlevsi These signals must remain asserted until the CPU 
executes an interrupt acknowledge cycle. 


cpu_tcujtevel[3:01 


4 | 


(n 


Indicates the level of the interrupt the CPU is acknowledging when 
cpu^iack is high 
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Table 20. LEON bridge VOs 







cpu_iack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core Implementation 


cpu_start_access 


\ 


Out 


Start Access signal indicating the start of a data transfer and that 
the cpu_adr, cpu_dataout, cpu_rwn and cpu^acode signals are all 
valid. This signal is only asserted during the first cycle ot an access. 


cpu_ben[1 :0] 


Z 


Out 


Byte enable signals. 


LEON core to LEON bridge signals 


iui.m 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuo.iri 


4 


In 


Acknowledged interrupt level from the LEON Integer Unit 


luo.intack 


1 


In 


Interrupt acknowledge signal from the LEON Integer Unit 


LEON bridge to MMU Control Block signals 


cpu_mmii_adr 


32 


Out 


CPU Address Bus. 


mmu_cpu_data 


32 


In 


Data bus from the MMU 


mmu_cpu_rdy 


t 


In 


Ready signal from the MMU 


cpu_mmu_acode 


2 


Out 


Access code signals to the MMU 


mmu_cpu_be rr 


1 


In 


Bus error signal from the MMU 



Description: 

The LEON bridge must ensure that all CPU bus and interrupt transactions arc functionally correct and that 
the timing requirements are met This sub-block is also responsible for ensuring endianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses {hrdata, cpu_dataout 
and mmujcpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought will be required to ensure that overall CPU access times 
are not excessively degraded by the use of too many register stages. 



11.6.6.2 DIU Bus Interface 

The DrU bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol while the DIU manages the arbitration 
and data alignment. 



Table 21. DIU Bus Interface l/Os 



iiiiilKsilii 


wm 


H 




Global SoPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pclk, active low. 


pclk 


1 


In 


Global clock 


Toplevel/Common DIU Bus Interface signals 


dram_cpu_data[255:0] 


256 


In 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


diu_cpu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvalid 


1 


In 


Signal from DIU indicating that valid read data is on the 
dram_cpu^data bus 


Cpu_dlu_wreq 


1 


Out 


Write request to the DIU 
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Table 21. DIU Bus Interface UOs 





liMlIS18 


JSP 








dfu_cpu_wack 


1 


In 


Acknowlftrlfift from fti*i DIM tHnt fhn u/rtto ronnoct hao knon 
iviriouyo II Will U ID Ulw UUI U1C Wl lie itT^uool riaS DvCfl 

accepted 




cpu_diu_wvalid 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu^dataout bus is valid 


1 


cpu_diu_wmask(1 :0] 


2 


Out 


Flag Indicating format of CPU write to DRAM. These signals are 

directly derived from the cpu_ben signals 

cpu_diu_wmask = 00: 8-bit write 

cpu_diu_wmask = 01:1 6-bit write 

cpu_diu_wmask = 10: 32-bit write 

cpu_diu_wmask =11: reserved 

cpu_adr[2:0] are driven in accordance with the width of the data 
access indicated by cpu^diu^wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


1 
1 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram^cpujdata bus Is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 




DIU Bus Interface to MMU Control Block signals 


1 


cpu_adr[21 :0] 


22 


In 


Toplevel CPU Address bus. 


1 


dram_data[31:0] 


32 


Out 


Data bus containing the 32 bits addressed by cpv_adr{4:2} from the 
256-bit DRAM read bus dram_cpu_data 




dram_access_en 


1 


Jn 


Enable Access signal. A DRAM access cannot be initiated unless it 
has been enabled by the MMU Control Unit 




DIU Bus Interface to JCache signals 




ic_cache_hit 


1 


In 


Cache hit signal from the I Cache. This indicates that the current 
CPU read request is being serviced by the ICache and so should 
not be retrieved from the DRAM. 


1 


DIU Bus Interface to LEON bridge signals 


1 


cpu_ben[1:0] 


2 


In 


Byte enable signals from the LEON bridge. These are forwarded on 
to the DIU as the cpu_ diu_ wmask signals 


1 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpujdataout, cpu_rwn and 
cpu^acode signals are ail valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU. This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dramjzecessjen is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 21 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram_cpu_data[2S5:0] fox every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpujadr[4:2]. 
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prat n««Q 

cpu_dhj_rreq « 0 
cpu_diu_wreq = 0 
cpu_dhj_wvalld =* 0 

dram_rdy * 0 



cpu start access 



start access 



AND dram access en 




cpu start access— J. 

AND dram access en « 1 
AND 1c Cflchft hit^Q 

ftND cpu rwn 1 
cpu_diu 



diu.cpu rack*=i 

cpu_dlu_rreq = 0 



configure data select muxes 
according to cpu_adrf4:2} 



/Read Access^ 
vAcknowledged/ 



diu cpu rvaltd =~ t 
dram rdy = 1 
dram_c ata = dram_cpu_data[rtn-31J 



dhi cpu rvarid == 
dram_rdy = 



f Read Access\ 
^.Complete ./ 



/Write AccessN 
V Initiated J 



diu cpu wacK «== 1 
cpu_diuj«vreq = 0 



/Write AccessN 
vAcknowledged/ 



diu cpu wyalld 1 
dram_rdy * 1 



/write AccessN 
V Complete / 



dfu cpu wvalld = 
dram^rdy « 0 



Figure 21. DIU Bus Interface state machine 



11.6.6.3 CPU Subsystem Bus In terface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. 



Table 22. CPU Subsystem Bus Interface l/Os 



Global SoPEC signals 


UN 






prst_n 


1 


In 


Global reset. Synchronous to pclk, active low. 


pclk 


i 


in 


Global clock 


Topleve [/Common CPU Subsystem Bus Interface signals 


cpu_cpr_sel 


1 


Out 


CPR block select. 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_rcu_sel 


i 


Out 


ICU block select 


cpujss_sel 


1 


Out 


LSS block select. 


cpu_pcu_sel 


1 


Out 


PCU block select. 
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Table 22. CPU Subsystem Bus Interface l/Os 







EBBS. 




cpu_scb_sel 


1 


Out 


SCB block select. 


cpu_tjm_sel 


1 


Out 


Timers block select. 


cpu_rom_sel 


1 


Out 


ROM block select. 


cpu_pss_sel 




Out 


PSS block select. 


cpu_diu_sel 




Out 


DIU block select 


cpr_cpu_data[31 :0] 


32 


In 


Read data bus from the CPR block 


gplo_cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO block 


icu_cpu_data[31:0] 


32 


In 


Read data bus from the ICU block 


lss_cpu_data[31 :0] 


32 


In 


Read data bus from the LSS block 


pcu_cpu_data{31 :0} 


32 


In 


Read data bus from the PCU block 


scb_cpu_data[3 1 :0] 


32 


In 


Read data bus from the SCB block 


tirn_cpu_data{31 :0] 


32 


In 


Read data bus from the Timers block 


rom_cpu_data[31 :0] 


32 


In 


Read data bus from the ROM block 


pss_cpu_dataJ31 :0J 


32 


In 


Read data bus from the PSS block 


diu_cpu_dataf31 :0] 


32 


In 


Read data bus from the DIU block 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpu^rxfy is high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
nas ueen registereu uy tne urn chock ana tor a read cycle tnis 
means the data on cpr_cpu_data is valid. 


gpio_cpu_rdy 


! 


In 


GPIO ready signal to the CPU. 


icu_cpu_rdy 


! 


In 


ICU ready signal to the CPU. 


lss_cpu_rdy 


1 


In 


LSS ready signal to the CPU. 


pcu_cpu_rdy 


1 


In 


PCU ready signal to the CPU. 


scb__cpu_rdy 


1 


In 


SCB ready signal to the CPU. 


tim_cpu_rdy 


1 


In 


Timers block ready signal to the CPU. 


rom_cpu_rdy 


1 


In 


ROM block ready signal to the CPU. 


pss_cpu_rdy 




In 


PSS block ready signal to the CPU. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


cpr_cpu_berr 




ln 


Bus Error signal from the CPR block 


gplo_cpu_berr 




In 


Bus Error signal from the GPIO block 


teu_cpu_berr 




In 


Bus Error signal from the IQU block 


tss_cpu_berr 




(n 


Bus Error signal from the LSS block 


pcu_cpu_berr 




In 


Bus Error signal from the PCU block 


scb_cpu_berr 




In 


Bus Error signal from the SCB block 


tim_cpu_berr 




In 


Bus Error signal from the Timers block 


rom_cpu_berr 




In 


Bus Error signal from the ROM block 


pss_cpu_berr 




In 


Bus Error signal from the PSS block 


diu_cpu_berr 




In 


Bus Error signal from the DIU Wock 


CPU Subsystem Bus Interface to MMU Control Block signals 


cpu_adr[19:12] 


8 


In 


Topfevel CPU Address bus. Qnly bits 19-12 are required to decode 
the peripherals address space 


peri_access_en 


1 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 











peri_mmu_data(31 iOJ 


32 


Out 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal. Indicates the data on the peri_mmu_data bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


peri_mmu_berr 


1 


Out 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 


CPU Subsystem Bus Interface to LEON bridge signals 


cpu_start_access 


1 


tn 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu_adr, cpu^dataout, cpu_rwn and 
cpu_acode signals are ail valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The CPU Subsystem Bus Interface block performs simple address decoding to select a peripheral and mul- 
tiplexing of the returned signals from the various peripheral blocks. The base addresses used for the 
decode operation are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MMU Control Block rather than the CPU Subsystem Bus Interface block. The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

masked_cpu_adr - cpu_adr [ 19 : 12 ] 
case (masked_cpu_adx) 
when TIM_base[19:121 

cpu_tim_sel = peri_access_en // The peri_access_en signal will have the 

peri_mmu_data = tim_cpu_data // timing required for block selects 

peri_mrnu_rdy = tim_cpu_rdy 

peri_jnrnu_berr = tim_cpu_berr 

all_other_aelects =0 // Shorthand to ensure other cpu_block_sel signals 

// remain deasserted 

when LSS_base[19: 12] 

cpu_lss_sel « peri_access_en 

peri_jtanu_data = lss_cpu_data 

peri_jnrau_rdy - lss_cpu_rdy 

peri_mmu_berr = lss_cpu_berr 

all_other__selects = 0 
when GPIO_base£19:12) 

cpu_gpio_sel = peri_access_en 

peri_mmu_data » gpio_cpu_data 

peri_mmu_rdy = gpio_cpu_rdy 

peri_jnrau_berr = gpio__cpu_berr 

all_other_selects = 0 
when SCB_base[19:12] 

cpu_scb_sel » peri_access_en 

peri_nrou_data = scb_cpu_data 

peri_mmu_rdy = scb_cpu_rdy 

peri_jnmu_berr = scb_cpu_berr 

all_other_selects = 0 
when ICU_base(19:12] 

cpu_icu_sel - peri_access_en 

peri_mmu_data = icu_cpu_data 

peri_jrenu_rdy - icu_cpu_rdy 

peri.jwtm_berr - icu_cpu_berr 

all_other_s elects « 0 
when CPR_base(19:12) 

cpu_cpr_sel = peri_access_en 

peri_mmu_data = cpr_cpu_data 
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peri_ mmu w rdy * cpr__cpu_rdy 
peri_cnrau_berr = c p r_cpu_pe r r 
all_other_selects « 0 

when ROM_base[19:12] 

cpu__ranusel = peri_access_en 
peri_pimu_data = ron\_cpu_data 
pe r i_mmu_rdy = ron\_cpu_rdy 
peri_jnmu_berr = ron\_cpu_berr 
all_other_s elects * 0 

when PSS_base(19:12] 

cpu_pss_sel = peri_access_en 
per i _mmu_da t a = pss_cpu_data 
peri - mmu_rdy » pss_cpu_rdy 
peri_pnmu — berr a pss_cpu_berr 
all_other_selects « 0 

when Diu_base[19:12] 

cpu_diu_sel = peri_access_en 
peri_pnrau_data = diu_cpu_data 
peri_rranu_rdy = diu_cpu_rdy 
peri_jnmu_berr = diu_cpu_berr 
all_other_selects = 0 

when PCU_basefl9:12) 

cpu_diu_sel a peri_access_en 
peri_ironu_data = pcu_cpu_data 
peri^rnrau_rdy = pcu__cpu__rdy 
peri_mmu_berr = pcu_cpu_berr 
all_other_s elects = 0 

when others 

| all_block_selects = 0 

peri _nmu_da t a = 0x00000000 
peri_mmu_rdy = 0 
peri_mmu_berr = 1 
end case 



1 1.6.6.4 MMU Control Block 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmu_ppu_rdy or mmu__cpujbem To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



| Table 23. MMU Control Block l/Os 





mm 


BBS 




Global SoPEC signals 


prst_n 


1 


In 


Global reset Synchronous to pc//c, active tow. 


pcfk 


1 


In 


Global dock 


Toplevel/Common MMU Control Block signals 


cpu_adr[21:0] 


22 


Out 


Address bus for both DRAM and peripheral access. 


cpu_aoode(1 :0] 


2 


Out 


CPU access code signals (cpu_mmu_acode) retimed to meet the 
CPU Subsystem Bus timing requirements 


dram_access_en 


1 


Out 


ORAM Access Enable signal. Indicates that the current CPU 
access is a valid DRAM access. 


MMU Control Block to LEON bridge signals 
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Table 23. MMU Control Block l/Os 





BBSS 






cpu_mmu_adrt31 :0] 


32 


In 


CPU core address bus. 


cpu_dataout(31:0] 


32 


In 


Toplevel CPU data bus 


mmu_cpu_data(3 1 :0] 


32 


Out 


Data bus to the CPU core. Carries the data for all CPU read opera- 
tions 


cpu_rwn 


1 


In 


Toplevel CPU Read/notWrite signal. 


cpu_mmu_acode{1 :0J 


2 


In 


CPU access code signals 


mmu_cpu_rdy 


1 


Out 


Ready signal to the CPU core. Indicates the completion of all valid 
CPU accesses. 


mmu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal Is asserted to termi- 
nate an invalid access. 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpu_dataout, cpu_rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Interrupt Acknowledge signal from the CPU. This signal is only 
asserted during an interrupt acknowledge cycle. 


cpu_ben[l :0] 


2 


In 


Byte enable signals indicating which bytes of the 32-bit bus are 
being accessed. 


MMU Control Block to OtU Bus Interface signals 


dram_rdy 


1 


In 


Data Ready signal. Indicates the data on the dmm_cpu_data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 


MMU Control Block to 1 Cache signals 


ic_data[31:0] 


32 


In 


Data bus from the ICache 


ic_rdy 


1 


In 


Ready signal from the ICache indicating the data on ic_data is valid 


MMU Control Block to CPU Subsystem Bus Interface signals 


peri_access_en 


1 


Out 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 


peri_mmu_data(31 :0] 


32 


In 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


In 


Data Ready signal. Indicates the data on the peri_mmu_data bus is 
valid for a read cyde or that the data was successfully written to the 
peripheral for a write cycle. 


peri_mmu_berr 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



Description: 

| The MMU Control Block is responsible for the MMU's core functionality, namely determining whether or 

not an access to any part of the address map is valid. An access is considered valid if it is to a mapped area 
of the address space and if the CPU is running in the appropriate mode for that address space. Furthermore 
the MMU control block must correctly handle the special cases that are: an interrupt acknowledge cycle, a 
reset exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition. The following pseudocode shows the logic required to implement the MMU Control Block 

| functionality. It does not deal with the timing relationships of the various signals - it is the designer's 

responsibility to ensure that these relationships are correct and comply with the different bus protocols. 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
more easily. 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere in this description. Most signals have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The post_reset _?tate variable is used later (in section 
PS4) to determine if we should translate the reset exception vector address or trap a null pointer access. 



const UnusedBottozn = Qx002ACO0O 
const DRAMTop = 0x002 7 FFFF 
const Us erOata Space = bOl 
const UserProgramSpace » bOO 
const Supervisor Da caSpace = bll 
const Supervisor ProgramSpace = blO 

const timeout_limit = 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles = 0x8 

cpu_adr_per i_mas Jced [ 7 : 0 ] = cpu_mmu_a dr [ 1 9 : 1 2 ] 
cpu_adr_dram^masked[16:0] = cpu_jnrou_adr & Ox003FFFEO 

if (prst_n == 0) then // Initialise everything 

cpu_adr » cpu_mmu_adr (21 : 0J 
peri_access_en = 0 

dram_access_en =« 0 , 
mmu_cpu_data = peri_mmu_data 
mxu_cpu_rdy » 0 
mmu_cpu_berr =0 
post_reset_state = TRUE 
access_initiated = FALSE 
cpu_access„cnt - 0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( <cpu_start_access 1) AND <cpu_access_cnt < ResetExceptionCycles > AND 
<clock_tick == TRUE) ) then 
cpu_access_cnt = cpu_access_cnt *1 
else 

post_reset_3tate = Fal.SE 

PS1 Description: This section is at the top of the hierarchy that determines the validity of an access. The 
address is tested to see which macro-region (i.e. Unused, CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 



if ( cpu_mmu_adr >= UnusedBottom) then 

// The access is to an invalid area of the address space. See section PS2 

elsif < (cpu_rnmu_adr > DRAMTop) AND (cpu_mrou_adr < UnusedBottom)) then 

//We are in the CPU Subsystem/ PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM address space 

// First we need to intercept the special case for the reset exception vector 

elsif <cpu_mmu_adr < 0x00000010) then 

// The reset exception is being accessed. See section PS4 

elsif ( (cpu_adr_dram_masked >= Reg i on 0 Bottom) AMD <cpu_adr_dram_masked <= 
RegionOTop) ) then 
// We are in RegipnO. See section PS5 

elsif ( <cpu_adr_dranumasked >= RegionNBottom) AND (cpu_adr_dranumasked <= 



PSO: 



PS1: 
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RegionNTop) ) then //we are in ReglonN 
// Repeat the RegionO (i.e. section PS5 } logic for each of Regionl to Region7 

else //We could end up here if there were gaps in the DRAM regions 
peri_access_en = 0 
dram_access_en «= 0 

tnmu_cpu_berr » 1 //we have an unknown access error, most likely due to hitting 
™u_cpu_rdy = 0 //a gap in the DRAM regions 

// Only thing remaining is to implement a bus timeout function. This is done in PS6 

end 

PS2 Description: Accesses to the large unused area of the address space are trapped by this section. No 
bus transactions are initiated and the mmu_cpu_berr signal is asserted. 

PS2: 

els if ( cpu_jrenu__adr >= UnusedBottom) then 

peri_access_en =0 // The access is to an invalid area of the address space 
dram_access_en = 0 
mrau_cpu_berr = 1 
mmu_cpu_rdy = 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripherals, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required. Access to 
the MMU registers is only permitted of the CPU is making a data access from supervisor mode, otherwise 
a bus error is asserted and the access terminated. For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpujacode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

els if ( (cpu_jnmu_adr > DRAMTop) AND (cpu_mmu_adr < UnusedBottom) ) then 
// We are in the CPU Subsystem/PEP Subsystem address space 

cpu_adr = cpu_mmu_adr [ 2 1 : 0 ] 

if (cpu_adr_j>eri_masked MMU_base) then // access is to local registers 
peri_access_en » 0 
dram_access_en = 0 

if (cpu_acode == SupervisorDataSpace) then 
for (i=0; i<26; { 

if ((i == cpu_mmu_adr { 6 : 2 ] ) then // selects the addressed register 
if <cpu_rwn 1) then 

mmu_cpu_data (16:0) = MMUReg[i] // MMUReg(i] is one of the 
mmu_cpu_rdy =1 // registers in Table 18 

mmu_cpu_berr = 0 
else // write cycle 

MMUReg(i) = cpu_dataout (16 ; 0] 
mmu_cpu_rdy = 1 
mmu_cpu_berr » 0 
else // there is no register mapped to this address 

mmu_cpu_berr * 1 // do we really want a bus_error here as registers 
ramu_cpu_rdy = o // are just mirrored in other blocks 

else //we have an access violation 
. . mmu_cpu_berr ■ 1 

mmu_ cpu_rdy « 0 

else // access is to something else on the CPU Subsystem Bus 
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peri_access_en = 1 
dram_access_en = 0 
mrau_cpu_data = perijnmu^data 
nsnu_cpu_rdy = peri _mmu_r dy 
mmu_c pu^b e rr = per i_rorou_berr 



PS4 Description: The only correct accesses to the locations beneath 0x000000 10 are fetches of the reset 
trap handling routine and these should be the first accesses after reset Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
null pointer in the program executing on the CPU. 

PS4: 

elsif <cpu_mmu_adr < 0x00000010) then //may need to translate a wider range - depends 
if <post_reset_state « TRUE) ) then // on how LEON handles the reset exception. 
cpu_adr [21: 0] = {ROM_baseC21 :3] , cpu_mmu_adr ( 2 : 0 ) ) 
peri_access_en = 1 
dram_access_en = 0 
mmu_cpu_data = peri_mmu_data 
irm\u_cpu_rdy = peri_rranu_rdy 
mmu_cpu_berr « peri_mmu_berr 
else //we have a problem (almost certainly a null pointer) 
peri_access_en = 0 
dran\_access_en = 0 
mmu_cpu_berr = 1 
mmu_cpu_rdy = 0 

PS5 Description: This large section of pseudocode simply checks whether the access is within the bounds 
of DRAM RegionO and if so whether or not the access is of a type permitted by the RegionOControl regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instruction fetches are returned via the ICache interface regardless 
of whether they come from a cache hit or refill from DRAM. If the access is not of a type permitted by the 
RegionOControl register then the access is terminated with a bus error. 

PS5: 

elsif { {cpu_adr_dram_masked >= RegionOBottom) AND (cpu_adr_dram_masked <= 
RegionOTop) ) then //we are in RegionO 

//We need to check that the DRAM access does not cross a 256 -bit boundary 
// Only 16 or 32 -bit CPU accesses are capable of traversing a 2 56 -bit boundary 

if ( ( <cpu_mmu_adr[4:0] OxlF) AND (<cpu_ben == bOl) OR (cpu_ben == bio))) 

OR ( ( cpu_jranu_adr [ 4 : 0 ] == OxlE) AND (cpu_ben == blO) ) 

OR ( ( cpu - mmu_adr [ 4 : 0 ] == OxlD) AND (cpu_ben blO) ) ) then 

peri_access_en = 0 

dram_access_en = 0 

mmu_cpu_be rr = 1 

mmu_cpu_rdy = 0 



else // access does not cross 256-bit boundary so we can proceed 
cpu.adr = cpu_jnmu_adr [21:0] 
if (cpu_rwn »■ 1) then 

if ( (cpu_acode == SupervisorProgramSpace AND RegionOControl (2 ) == 1 ) ) 
OR (cpu_acode « UserPrograznSpace AND RegionOControl ( 5] =»» 1)) then 

// this is a valid instruction fetch from RegionO 
peri_access_en = 0 
draio_access_en = 1 
mrou_cpui_data =« ic_d«ta 
mmu_cpu_rdy = ic_rdy 
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mnru_cpu_berr a 0 

elsif {<cpu_acode ■= SupervisorDataSpace AND RegionOControl (0) == 1) 
OR <cpu_acode =o UserDacaSpace AND RegionOControl [3] == 1)) then 

// this is a valid read access from RegionO 

peri_access_en = 0 
dram_access_en = 1 

mrou_cpu_data = dran\_data // possibly drc_data if dcache is used 
mmu_cpu_rdy = dram_r dy // possibly drc_rdy 
mmu_cpu_berr = 0 

else //we have an access violation 

peri_access_en = 0 
dran\_access_en = 0 
mmu_cpu_be r r = 1 
mrau_cpu__rdy = 0 

else // it is a write access 

if { (cpu_acode == SupervisorDataSpace AND RegionOControl [1] ==» 1) 

OR <cpu_acode == UserDataSpace AND RegionOControl f 4] == 1>) then 

// this is a valid write access to RegionO 

peri_access_en = 0 
dran\_access_en = 1 

mmu_cpu_rdy = dram_rdy // possibly dwc_rdy if dcache is used 
mmu_cpu_berr = 0 
else //we have an access violation 

peri_access_en = 0 
drartLaccess_en = 0 
mmu_cpu_berr = 1 
mnm_cpu_rdy = 0 

PS6 Description: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeout Jimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
in imported IP) each access should complete before the timeout Jimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 

PS6: 

// Only thing remaining is to implement a bus timeout function. 

if ( (cpu_start.access «== 1) then 
access_initiated = TRUE 
timeout_countdown » BusTimeout 

if ( (mmu_cpu_rdy ==1 ) OR (mmu_cpu_berr ==1 )) then 
access_initiated = FALSE 
peri_access_en * 0 
dram_access_en = 0 

if ( (clock_tick == TRUE) AND (access_initiated == TRUE) ) 
if (timeout_countdown > 0) then 

t ime ou t_c oun tdown - - 
else // timeout has occurred 

peri_access_en » 0 // abort the access 

drajruaccess^en » 0 

mmu_cpu_berr ~ 1 

mmu_cpu_rdy = 0 
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11.6.6.5 tCache 

The ICachc sub-block implementation is described in section 11.7.1.1. 

11.7 Cache 

The decision on what type of caching solution to use on SoPEC is still open for the moment There are 
two probable solutions: a) use the LEON caches with a minimal configuration (1 KB I and D caches) and 
b) use separate, simple one line 256-bit caches for instruction, data read and data write accesses. From a 
performance and (most likely) implementation point of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to all mem- 
ory accesses. The performance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
using the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
determined. The final decision on which caching solution to use will be made when all such information is 
available. 

Therefore the section on caches, which was present in previous versions of this document but is now 
mostly out of date, has been removed (the ICache is still relevant if one line caches are used and so is 
retained). 

11.7.1 Instruction Cache 

A caching mechanism would offer the advantage of greater aggregate performance while still guaranteeing 
a rmnimum level of performance. While greater performance may not be required at present for this appli- 
cation the caching mechanism offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
reduced without affecting, or only negligibly affecting, the operating performance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 

As all reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the full 256-bit word is 
stored locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as it would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required. Furthermore the area impact would be minor and there should be no performance 
penalty for cache misses. As the dram_jcpu_data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 

The instruction cache is only accessed for instruction fetches, not all CPU reads. These can be differenti- 
ated by signals emanating from the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
informed of a cache hit to ensure it does not generate an unneccessary read request. This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

As there is no requirement to have more time deterministic code execution the instruction cache cannot be 
disabled. 

1 1. 7. 1. 1 ICache Implementation 

The Instruction Cache used in SoPEC is capable of storing just a single 256-bit DRAM word. An imple- 
mentation is depicted in Figure 22 below. The block I/Os are given in Table 24 and these should be viewed 
in conjunction with Figure 1 9 and Figure 20 for a complete depiction of the connectivity of the block. 
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Figure 22. ICache Block Diagram 
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Table 24. ICache l/Os 





HIS 






Global SoPEC signals 


prsl_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global clock 


Toplevel ICache signals 


dram_cpu_data[255:0] 


256 


In 


Data bus from the 01 U 


cpu_acode{1 :0] 


2 


In 


CPU access control signals 


cpu_adr{21:2) 


20 


In 


CPU core address bus. 


ICache to DIU Bus Interface signals 


ic_cache_hit 


1 


Out 


Cache hit signal. This indicates that the current CPU read request 
is being serviced by the ICache and so should not be retrieved from 
the DRAM. 


dram_rdy 


1 


In 


Data Ready signal Indicates the data on the dram_cpu_data bus is 
valid. 


ICache to MMU Control Block signals 


ic_data(31:03 


32 


Out 


ICache data bus 
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Table 24. ICache l/Os 





HE 


M 


mm 




te_rdy 


i 


Out 


Ready signal from the ICache indicating the data on icjdata is valid 


d ram_access_en 


i 


Out 


DRAM access enable signal. Indicates that the current CPU access 
is a valid DRAM access. 



Description: 

The Tag stores the DRAM word address of the word currently in cache. The Tag contents are compared 
with cpujxdr[21:5] each time the CPU requests an instruction fetch from a valid DRAM address (indi- 
cated by cpu_acodefOJ and dram_access_en). If a match occurs (i.e. a cache hit) the access is serviced by 
returning the correct 32 bits (as selected by cpu_adr[4:2]) to the MMU Control Block. If a match does not 
occur (i.e. a cache miss) the ic_cachejxit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dramjrdy and this causes the ICache contents to be updated, the Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the icjrdy signal. It is updated each time the 
cache line is refilled from DRAM. All instruction fetches from DRAM are cacheable, regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



11.7.2 Data Cache 

1 1 .8 Realtime Debug Unit (RDU) 

The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservable signals and that do not affect the functionality of a circuit, are 
defined in each block as required. Many blocks do not have pseudo-registers and some blocks (e.g. ROM , 
PSS) do not make debug information available to the RDU as it would be of little value in realtime debug. 

Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (i.e. blockjcpujdata). One small draw- 
back with reusing the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high block_cpujdebug_j>alid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required. A block diagram of the RDU is 
shown in Figure 23. 
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• gpio_cpu_data[31:0J 
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■ mmu_debug_data[31:0] 



debug_cn t r 1[18:0] 




Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU l/Os 





m 




wnumnnmnHUH 


diu_cpu_data 


32 


In 


Read data bus from the DIU block 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


gpio_cpu_data 


32 


In 


Read data bus from the GPIO block 


lcu_cpu_data 


32 


In 


Read data bus from the ICU block 


lss_cpu_data 


32 


In 


Read data bus from the LSS bfock 


pcu_cpu_debug_data 


32 


In 


Read data bus from the PCU block 
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Table 25. RDU l/Os 





tttf 


UBi 




scb_cpu_daia 


32 


In 


Read data bus from the SCB block 


tim_cpu_data 


32 


In 


Read data bus from the TIM block 


diu_cpu_debug_vafkJ 




In 


Signal indicating the data on the diujcpu^data bus is valid debug 
data. 


tim_cpu_debug_valid 


1 


In 


Signal indicating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cp u_de bu g_vaJi d 


— 


In 


Signal indicating the data on the scb_ cpu_ da ta bus is valid debug 
data. 


rw*ai Cfni rfpht jn valid 




In 


Signal indicating the data on the pcu cpu data bus is valid debug 
data. 


Iss cpu debug valid 




In 


Signal indicating the data on the lss_cpu_data bus is valid debug 
data. 


icu_cpu_debug_valid 




In 


Signal indicating the data on the icu_cpu_data bus is valid debug 
data. 


gpk>_cpu_debug_ valid 




In 


Signal indicating the data on the gplo_cpu_data bus is valid debug 
data. 


cpr_cpu_debug_valid 




In 


Signal indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug_data__out 


18 


Out 


Output debug data to be muxed on to the PHI/GPlO/other pins 


debug_data_valid 




Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal is used in all debug configurations 


debug^cntrl 


19 


Out 


Control signal for each PHI bound debug data tine indicating 
whether or not the debug data should be selected by the pin mux 



As there are no spare pins that can be used to output the debug data to an external capture device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the time of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pin. The RDU therefore outputs a debugjcntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.The 
DebugPinSel is used to determine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDU supports the outputting of an 
n-bit sub- word every cycle to the enabled debug pins. Each debug test would then need to be re-run a num- 
ber of times with a different portion of the debug word being output on the n-bit sub- word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debug_data_yalid and pclkjout signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclk^put signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge of pclkjzut. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub-word will need 
to contain a different bit pattern for each run. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debugjdatajfalid signal is always output. Furthermore 
debug_cntrl[0] (which is configured by DebugPinSel [0]) controls the mux for both the debugjdata_valid 
andpclk_out signals as both of these must be enabled for any debug operation. 

The mapping of debug_data_out[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 



$1MI 




0 


phLfrclk. The debug^data^vatid signal will 
appear on this pin when enabled. Enabling this 
pin also automatically enables the phi_readl pin 
which will output the pctk_out signal 


1 I 


phi__profiJe 


I 2 


phijsynd 


3 ; 


test pin 1 


4 


test pin2 


5-18 


gpio{0...13J 




Table 27. RDU Configuration Registers 



Hams 










^^^e>criptlo % r^@g^»aK^^[ 












0x80 


DebugSrc 


A 


0x00 


Denotes which block is supplying the debug 
data. The encoding of this block is given below. 

0 - MMU 

1 - TIM 

2- LSS 

3- GPIO 

4- SCB 

5- ICU 

6- CPR 

7- DlU 
8 - PCU 


0x84 


DebugPinSel 


19 


OxOJXXX) 


Determines whether a pin is used for debug data 
output. A provisional mapping of pin to bit posi- 
tion is given in Table 26. 
1 - Pin outputs debug data 
0 • Normal pin function 


0x88 to OxCC 


DebugDataSrcN 


5 


0x00 


Selects which bit of the 32-bit debug data word 
will be outputted on debug_data_out(N) 



1 1 .9 Interrupt Operation 

The interrupt controller unit (see chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level. LEON supports 15 levels of interrupt with level 15 as the highest 
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level (the SPARC architecture manual [32] states that level 15 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request arrives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-interrupt state. The 4-bit inter- 
rupt level (irl) is also written to the trap type (tt) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TBA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller. This interrupt controller will be replaced by the ICU in 
the SoPEC design. The LEON signal names are used for future reference. An interrupt is asserted by driv- 
ing its (encoded) level on the iui.irl[3:0] signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken interrupt on the iuo.irl[3:0] signals and asserting the acknowledge signal 
iuo.intack.The interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core. If there is another pending interrupt (of lower priority) then this should be 
driven on iuUrl[3:0] and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuo.irl[3:0] signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 



pclk 



iui.irl[3:0] 



OxO 



0x5 



0x0 



«uo.Irl[3:0] r^^^SSl 0x5 
iuo.intack 



iui.iri(3:0] 



0x9 



0x8 



iuo.irl[3:0] 1 OxA 
iuo.intack 



0x9 



Figure 24. Interrupt acknowledge cycles for a single and pending interrupts 
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11.10 Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

11.11 Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug" document [15]. 
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12 Serial Communications Block (SCB) 



12.1 Overview 

The Serial Communications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USB 1.1 device 
controller, an Inter-SoPEC Interface (ISI) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 
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Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USB 1. 1 controllers, although some of these have been sourced from a third party. 

The S CB can be seen in the context of the overall SoPEC device in Figure 26 below 
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Figure 26. SoPEC toplevel block diagram 
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12.2 Definitions of I/Os 

Table 28. Serial Communications Block I/O 











Clocks and Resets 


prst_n 


1 


tn 


System reset signal. Active low. 


pdk 


1 


In 


System dock. 


usb_dk | 


1 


In 


Clock for the USB controller block. 


lsLcpr_reset_n 


1 


Out 


Signal from the ISI indicating that ISI activity has been detected 
while in sleep mode and so the chip should be reset Active low. 


usb_cpr_reset_n 


1 


Out 


Signal from the USB controller that a USB reset has occurred. 
Active low. 


CPU Interface 


cpu_adr[n:2] 


n-1 


In 


CPU address bus. Exact width is currently TBD as It is dependent 
on the address maps of imported IP * 


cpu_dataout(31:0] 


32 


In 


Shared write data bus from the CPU 


scb_cpu_data(3 1 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




In 


Common readmot-write signal from the CPU 


cpu_fc[2:0] 




In 


CPU Function Code signals. 


cpu_scb_sei 




In 


Block select from the CPU. When cpu_scb_sel is high both cpu_adr 
and cpu^dataout are valid 


scb_cpu_rdy 




Out 


Ready signal to the CPU. When scb_cpu_rdy is high it indicates the 
last cycle of the access. For a write cyde this means cpu_dataout 
has been registered by the SCB and for a read cyde this means the 
data on scb_cpu_data is valid. 


scb_cpu_berr 




Out 


Bus error signal to the CPU indicating an invalid access. 


scb_cpu_debug_vand 




Out 


Signal indicating that the data currently on scb_cpu_data is valid 
debug data 


Interrupt signals 


dmajcu_irq 




Out 


DMA interrupt signal to the interrupt controller block. 


IsUcuJrq 




Out 


ISI interrupt signal to the interrupt controller block. 


usb_icu_irq 




Out 


USB interrupt signal to the interrupt controller block. 


DIU interface 


scb_dhj_wadr[21 :5] 


17 


Out 


Write address bus to the DIU 


scb_diu_data[63:0] 


64 


Out 


Data bus to the DIU. 


scb_diu_wreq 




Out 


Write request to the DIU 


diu_scb_wack 




In 


Acknowledge from the DIU that the write request was accepted. 


scb_dtu_wvalid 




Out 


Signal from the SCB to the DIU indicating that the data currently on 
the scb_diu_data[63:0] bus is valid 


GPIO Interface i 


isi __gpk>_dout(1:0) 


2 


Out 


ISI output data to GPIO pins 


isi_gplo_e[1 :0] 


2 


Out 


ISI output enable to GPIO pins 


gpio_isLdln(1:0] 


2 


In 


Input data from GPIO pins to ISI 
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| 12.3 MULTI-SOPEC SYSTEMS 

While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also support its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster, a Line SyncMaster, an ISIMaster, a StorageSoPEC or an ISISlave SoPEC 




USB from Host i 




prlnthead assembly 





A3 BMHhte 
prlnthead 


' 1 


SoPEC k 
Device #2 1 


L 






1 




Figure 27. A3 duplex system featuring four printing SoPECs with a single" 

SoPEC DRAM device 



12.3.1 ISIMaster device 

The ISIMaster is the only device allowed to drive the common ISI line (see Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems the ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

12.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 LfneSyncM aster device 



The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LineSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 



For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - mat is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an ISI-Bridge chip) and then distribute it to the other SoPECs as 
required. No other type of data flow (e.g. ISISlave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the ISI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 



1 2.3.5 ISISlave device 

Multi-SoPEC systems will contain one or more ISISlave SoPECs. An ISISlave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 

12.3.6 ISI-Bridge device 



SoPEC is targeted at the low-cost small office / home office (SoHo) market. It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE1394) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 



The host device will invariably be, but is not required to be, a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 



12.4 Types of communication 

12.4.1 Communications with host 

The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is a 
SoPEC, the communications channel is US B 1 . 1 . 

1 2.4. 1 1 Host to ISIMaster communication 



The host will need to communicate the following information to the ISIMaster device: 

• Communications channel configuration and maintenance information 

• All data destined for PrintMaster, ISISlave or storage SoPEC devices. This data is simply relayed by 
the ISIMaster 

• Mapping of virtual communications channels, such as USB endpoints, to ISI destination 



12.3.4 Storage device 



12.3.7 



Host device 
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f 2.4. 1.2 ISIMaster to host communication 

The ISIMaster will need to communicate the following information to the host: 

• Communications channel configuration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. . 
This data is simply relayed by the ISIMaster 

1 2.4. 1.3 Host to PrintMaster communication 

The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 

12.4. 1.4 PrintMaster to host communication 

The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty/jammed etc.) 

• Dead nozzle information 

• Memory buffer status information 

• Power management status 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory programming 

12.4.1.5 Host to iSISIave communication 

All communication between the host and ISISIave SoPEC devices must take place via the ISIMaster. In 
the case of a SoPEC ISIMaster it is possible to configure each individual USB endpoint to act as a control 
channel to an ISISIave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to communicate the following information to ISISIave devices over the comms/ 
ISI: 

• Program code for ISISIave SoPEC devices 

• Compressed page data for ISISIave SoPEC devices 

• Control messages to the ISISIave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 

12.4.1.6 IS/Siave to host communication 

All communication between the ISISIave SoPEC devices and the host must take place via the ISIMaster. 
The ISISIave will need to communicate the following information to the host over the commsASI: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle information from the ISISIave SoPEC. 

• Encrypted SoPEC Jd for use in the generation of PRINTER_Q A keys during factory programming 
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12.4.2 



Communication over ISI 



12.4.2. 1 ISf Master to PrintMaster communication 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the fpllowing information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12.4.1.3). This data is simply relayed 
by the ISIMaster 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the PrintMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISIMaster 



The ISIMaster may wish to communicate the following information to the ISISlaves: 

• All data (including program code such as I Slid enumeration) originating from the host and destined for 
the ISISlave (see section 12.4.1.5). This data is simply relayed by the ISIMaster 

• wake up from sleep mode 



The ISISlave may wish to communicate the following information to the ISIMaster: 
• All data originating from the ISISlave and destined for the host (see section 12.4.1.6). This data is sim- 
ply relayed by the ISIMaster 



When the PrintMaster is not the ISIMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISIMaster then it will of course communicate directly with 
the ISISlaves. The PrintMaster SoPEC may wish to communicate the following information to the ISISla- 
ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printheads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 



12.4.2.2 PrintMaster to ISIMaster communication 



12.4.2.3 ISIMaster to ISISlave communication 



12.4.2.4 ISISlave to ISIMaster communication 



1 2. 4.2.5 PrintMaster to ISISlave communication 
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12.4.2.6 iSiSiave to PrintMaster communication 

ISISlaves may need to communicate the following information to the PrintMaster: 

• ink status e.g. dotCount data i.e. the number of dots in each color fired by the printheads connected to 
the ISISlaves 

• band related information e.g. finished band interrupts 

• page related information i.e.buffer undemin, page finished interrupts 

• MMU security violation interrupts 

• GPIO interrupts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle information from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined 

As the ISI is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed. The software protocol needs to be constructed with this in mind. In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to indicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the ISISIave. 
This should be under the control of software ninning on the CPU which writes messages to the ISI block. 

12.4.2.7 iSISlave to iSiSiave communication 

It is currently not anticipated that there will be any direct communication between ISISIave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC. The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (see sections 12.4.2.5 and 12.4.2.6 for a 
description of the information exchanged between a PrintMaster and an ISISIave). ISISIave to ISISIave 
communication would also be required when sending data stored in a storage SoPEC device to an 
ISISIave. 

12.5 USB 

The USB 1 . 1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalling and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC itself will not draw any power from the USB cable. It will support control and bulk transfers. 
Interrupt transfers are not considered necessary because the required interrupt-type functionality can be 
achieved by sending query messages over the control channel on a scheduled basis. There is no require- 
ment to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB endpoints: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
endpoints can be used for the transfer of any type of data: compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e. configura- 
tion is completely programmable. They are envisaged as always being used as USB IN endpoints i.e. they 
will transport data from the host to SoPEC. Any feedback data (e.g. status information) will be returned to 
the host on the control channel (endpoint 0). 

The USB device enumeration process will be handled by the SoPEC CPU and USB controller. Note that 
this requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
full USB driver but rather a "USB-lite" driver that has sufficient functionality to download a program to 
DRAM. 

Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USB1 .1 con- 
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troller that arc being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in select- 
ing the USB controller. 

12.5.1 (SIMaster/ISISIave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISIMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a full-speed or low-speed device). We adopt the convention that an ISIMaster SoPEC has its 
USB pins configured for full-speed operation (i.e. a pull-up resistor on D+) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISIMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPEC's USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the D+ and D- lines may result in unreliable operation of the USB controller. 

The SoPECs identity as an ISIMaster or ISISlave may also be determined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISIMaster (note that it is not neccessarily an 
ISIMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISIMaster in this situation. If the ISI receives ping packets then it is an ISISlave as only the ISIMaster can 
send ping packets. 

The most suitable I SIMaster/ISISIave identification scheme (i.e. use of USB pins or looking for USB/ISI 
activity) can be chosen by the software for any given printer. 

12.5.2 Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TBD (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
it) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equivalent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 

The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_reset_n) if the USBWakeupEnable bit of the WdkeupEnable register (see Table 38) has been set. 
The USBWakeupEnable bit should therefore be set just prior to entering sleep mode. 

There are no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resume to the host after being suspended by the host). 

12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
printer it is recommended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuration it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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12.6 ISI (Inter SoPEC Interface) 



The ISI is utilised in all system configurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI performs much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection performs between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. commands or status information) passing between the ISIMaster and 
the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 
communication with the ISISlaves. 



Section 12.5.1 details how a SoPEC is configured as an ISIMaster or ISISlave. The ISIId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a number of 
GPIO pins to determine the ISIId. For any given printer that uses a multi-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enumeration 
mechanism. 



Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself. The ISISlave device should then ensure that its ISIWakeupEnable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpiojsijlin 
lines for activity. When ISI activity is detected during sleep mode and the ISIWakeupEnable bit is set the 
ISI asserts the isi_cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset. See chapter 16 for more details of reset propagation. 



The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USBl.l bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE1394) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at a pclk frequency of 160MHz). The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
pins will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s. The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With either a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, after allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s. 



12.6.1 



ISIMaster/iSISIave identification and ISISlave enumeration 



12.6.2 Wake-up from sleep mode 



12.6.3 ISI speed 
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12.6.4 ISI protocol 

The ISI is a serial interface utilizing a two wire half-duplex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISIS laves may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISlave communication, ISISlave to ISIMaster communication and 
ISISlave to ISISlave communication. Flow control, error detection and retransmission of errored packets is 
also supported. ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization cannot be guaranteed for the length of the longest allowed packet 1 Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec of xtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 
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Figure 28. ISI configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISlave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required. 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISlave may only transmit when it receives a ping packet 
(see section 12.6.4.5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISlave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1. Current max packet size — 290 bits = 145 bits per line (on a 2 wire ISI) « 725 160MHz cycles. Thus the pclks in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1 379 ppm. Careful analysis of the crystal, PLL and oscillator specs" 
and the sync detection circuit is needed here to ensure our solution is robust 
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Figure 29. Half-duplex Interleaved transmission from ISIMaster to ISISIave 

There are three types of ISI packet: a long packet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started. 

12. 6.4. 1 /S/ transactions 

The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs are 
inferred and ACKs are not addressed to any particular ISI device. 
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Transaction 2: Ping packet to an addressed ISISIave. ISISIave has nothing to send 
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tSIMaster 



JSISIave A 
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Transaction 3: Ping packet to an addressed ISISIave. ISISIave A responds with a long packet to 
ISISlaveB and ISISlaveB responds with an ACK or NAK. 



1SI Master 



ISISIave A 



ISISIave B 




Transaction 4: Ping packet to an addressed ISISIave. ISISIaveA responds with a long packet to 
the ISIMaster and the ISIMaster responds with an ACK or NAIC 



Figure 30. ISI transactions 



12.6.4.2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguously identified and to 
allow the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet. Bit stuffing is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error free) packet. The Start symbol should therefore be suffi- 
ciently long to ensure that the bit stuffing overhead is low but should still be short enough to reduce its own 
contribution to the packet overhead. A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, like every byte in a packet, is transmitted with its 
rightmost (lsb) bit first 

If the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISI 
lines which will allow synchronization, be maintained. Unfortunately a symbol value that is good for forc- 
ing transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being lost if a long 
run of zeroes or ones is subsequently transmitted. 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used. 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (i.e. blOlOlOlO -> blOOlOlOlO). To ensure transitions occur during a long run of zeroes a 1 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bO 1 0000000). Likewise to ensure 
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J3 



SSfSfi "H 1 ^,^ 1?" ° f ° nCS a ° is inSCrted after 7 ° nes ^ so OxFF becomes 0xl7F (i.e. 
bl 1 1 1 1 1 1 1 -> blOll 1 1 1 1 1). The receiving IS! device must detect these special values and strip out the 
inserted ones and zeroes. 

Note that any violation of bit stuffing will result in the FrameError status bit being set and the incoming 
packet will be treated as an errored packet. Furthermore if the Start field is not received as OxAA the 
trameError status bit is set and incoming data is discarded until a correct Start field is detected. 
In a truly random data such a bit stuffing scheme could cause an overhead of approx. 0 15% While the 
data transmitted over the ISI will not be truly random (0x00 and OxFF are likely to occur more often than 
they would m a random data set) the overhead should remain low and will never exceed 11.1% (i.e. 1 in 
every " bits). 

12.6.4.3 Stop field description 

t 2 ^n°f ? W ! = , M 1 } " ^ i° L enSUrC *"* b0th UneS return to me State the next packet is 
transmitted. Two bits are required because the Stop field will be interleaved over both ISI lines (4 bits 
would be used m a 4 wire ISO- The Step field is not subject to bit stuffing because bit stuffing could result 
in the final transmitted bit being a 0 on one of the ISI lines. 

12.6.4.4 ISI long packet description 

The format of a long ISI packet is shown in Figure 31 below. Data may only be transferred between ISI 
devices using a long packet as both the short and ping packets have no payload field. Except in the case of 

7^HSrlT reCei , Vin8 Wi " reply l ° a l0ng ™ th either - «p7citTcK 

(no error detected ,n received packet) or an inferred NAK (an error was detected in the received packet). 



b2 



bO 




M 4 bits 1 bit 




Start 


Pkt 
Desc 


Address 


Payload 


CRC 


Stop 



I L 



8 bits 3 bits 5 bits 



256 bits 



1 6 bits 2 bits 
Figure 31. ISI long packet 
All long packets begin with the Start field as described earlier. The PktDesc field is described in Table 29. 
Table 29. PktDesc field description 



Packet type indicator: 
1 - Short packet 

0 - Non-short (i.e. k>ng/ping) packet 
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Table 29. PktDesc field description 



mmmmmmmmmmmmwrn 


1 


Data payload present Indicator 

1 - This packet contains payload (i.e. long packet) 

0 - This packet has no payload 


2 


Sequence bit value. Only valid for long packets. See section 12.6.4.8 for a 
description of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMaster may initiate an ISI trans- 
action using a long packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMaster (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 
12.7. 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
into the receive buffer of the addressed ISI device(s). When present the payload field is always 256 bits. 

To ensure strong error detection a 16-bit CRC is appended This CRC is calculated over the entire packet 
(excluding the Start and Stop fields). The HDLC standard CRC-16 (i.e. G(x) x 16 + x 12 + x 5 +/) is to be 
used for this calculation, which is to be performed serially. 

12.6.4.5 ISI ping packet 

The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the ping packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubld is always 1. The 
ISISubld is unused in ping packets because the ISIMaster is addressing the ISI device rather than one of 
the DMA channels in the device. The ISISlave may address any ISIId.ISISubld in response if it wishes. 
The ISISlave will respond to a ping packet with either an explicit ACK (if it has nothing to send), an 
inferred NAK (if it detected an error in the ping packet) or a long packet (containing the data it wishes to 
send). Note that inferred NAKs do not result in the retransmission of a ping packet. This is because the 
ping packet will be retransmitted on a predetermined schedule (see 1 2.6.4.10 for more details). 



bo b4 4 bit* 1bit m) 



bOOO 


ISIId 1 


\ \ 




ej hrf Pkt 
Start Desc 


Address 


CRC Stop 



t 1 1 1 I I 

8 bits 3 bits 5 bits 16 bits 2 bits 



Figure 32. JSI ping packet 

An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
error. An ISI ping packet will never be sent in response to any packet and may only originate from an ISI- 
Master. 
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12.6.4.6 ISi short packet description 

The ISI short packet is only 14 bits long, including the Start and Stop fields. A value of blOOl is proposed 
for the ACK symbol. As a 1 6-bit CRC is inappropriate for such a short packet it is not used In fact there is 
only one valid value for a 14-bit short ACK packet as the Start. ACK and Stop symbols all have fixed val- 
ues. Short packets are only used for acknowledgements (i.e explicit ACKs). The format of a short ISI 
packet is shown in Figure 33 below. 



Start 


Ack 

Symbol 


Stop 


I 1 l l 



8 bits 4 bits 2 bits 



Figure 33. Short ISJ packet 

12.6.4.7 Error detection and retransmission 

The 16-bit CRC will provide a high degree of error detection and the probability of transmission errors 
occurring is very low as the transmission channel (i.e. PCB traces) will have a low inherent bit error rate 
The number of undetected errors should therefore be minute. A simple retransmission mechanism frees 
the CPU from getting involved in error recovery for most errors because the probability of a transmission 
error occurring more than once in succession is very, very low in normal circumstances. 
After each non-short ISI packet is transmitted the transmitting device will open a reply window The size 
of the reply window will be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to allow for 
bus turnarounds and timing differences) when a short packet is expected and 147 bit times (i e 290 bits 
transmitted on two wires plus 2 bit times to allow for bus turnarounds and timing differences) when a long 
packet is expected in reply. 

When a packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before the reply window closes. When detected 
errors do occur the receiving ISI device will not send any response. The transmitting ISI device interprets 
this lack of response as a NAK indicating that errors were detected in the transmitted packet or that the 
receiving device was unable to receive the packet for some reason. If a long packet was transmitted the 
transmitting ISI device will keep the transmitted packet in its transmit buffer for retransmission If the 
transmitting device is the ISIMaster it will retransmit the packet immediately while if the transmitting 
device is an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMas- 
ter. 

The transmitting ISI device will continue retransmitting the packet when it receives a NAK until it either 
receives an ACK or the number of retransmission attempts equals the value of the NumRetries register If 
the transmission was unsuccessful then the transmitting device sets the TxError bit in its ISJStatus register 
The receiving device also sets the RxError bit in its ISIStatus register whenever it detects NumRetries + 1 
errored packets m succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 
affect retransmission operation. Open issue: In the case of an ISI device receiving a packet in error from 
an ISISlave the NumRetries count will be reset if it subsequently receives an error free packet from any ISI 
device (which may not be the ISISlave that transmitted the errored packet). Thus the RjcError operation is 
only effective for ISIMaster to ISISlave transactions as these are the only ones where retransmissions will 
be sequential. Either we live with this or we could implement a NumRetriesCount window which would 
allow all NAKs within a specified window to be counted If NumRetries is exceeded within this window 
then we have a RxError otherwise we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transmitting or receiving respectively. 
CPU intervention will be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errors should be extremely rare and their occurrence will most 
likely indicate a serious problem. 

Note that broadcast packets are never acknowledged to avoid contention on the common ISI lines. If an 
ISISlave detects an error in a broadcast packet it must use the message passing mechanism described ear- 
lier to alert the ISIMaster to the error. 

12.6.4.8 Sequence bit operation 

To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or ping packets as they are not used for data transmission. In addition to the transmit- 
ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubld. Furthermore each ISI 
device maintains a transmit sequence bit for each ISIId and ISISubld it is in communication with. For 
packets. sourced from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
est register while for packets sourced from the CPU the transmit sequence bit is contained in the 
CPUlSITxBuffCntrl register. The sequence bits for received packets are stored in DMAOSeqBit and 
DMAlSeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the responsi- 
bility of software to ensure that the sequence bits of the transmitting and receiving ISI devices are cor- 
rectly initialised each time a new source is selected for any I Slid. ISISubld channel. 

Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubld channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubld channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubld only when the receiver is 
able to accept data and receives an error-free data packet addressed to it. The transmitting ISI device will 
toggle its sequence bit for that ISIId.ISISubld channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transmission of two long packets with the sequence bit in both the transmitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in this 
manner in every subsequent transmission until an error condition is encountered. 



Transmitting Receiving 
ISI Device ISI Device 




Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
nutting device to retransmit the original (seq=0) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 



Transmitting 
ISI Device 



Receiving 
ISI Device 










0 


= 0 






0->1 


— — 


1 



Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this see- 
nano is shown in Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the transmitting device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq-0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK. 
When the transmitting ISI device correctly receives the ACK it updates its local sequence bit to a 1, thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubld is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 



Transmitting Receiving 
ISI Device ISI Device 




Figure 36. Sequence bit operation with ACK error 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 1 18 



SoPEC : Hardware Design 



1Z6.4.9 Flow control 

The ISI also supports flow control by treating it in exactly the same manner as an error in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow control should not be required during normal operation. Any blockage on a DMA channel will 
soon result in the NumRetries value being exceeded and transmission to that DMA channel being halted. 
Because flow control is treated in the same manner as an error in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxError or RxError. 

12.6.4.10 Auto-ping operation 

While the CPU of the ISIMaster could send a ping packet by writing the appropriate header to the 
CPUISITxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself. The use 
of automatically generated ping packets ensures that ISISlaves will be given access to the ISI bus with a 
programmable minimum guaranteed frequency in addition to whenever it is idle. Five registers facilitate 
the automatic generation of ping messages within the ISI: PingScheduleO, PingSchedulel, PingSchedule2, 
ISITotalPeriod and ISILocalPeriod. Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the fSICntrl register. 

Each bit of the 14-bit PingScheduleN register corresponds to an ISIId that is used in the Address field of 
the ping packet and a 1 in the bit position indicates that a ping packet is to be generated for that ISIId. A 0 
in any bit position will ensure that no ping packet is generated for that ISIId. As ISISlaves may differ in 
their bandwidth requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 
isters are used to allow an ISI Slave receive up to three times the number of pings as another active 
ISISlave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
case of a SoPEC ISIMaster) ISI ping packets will be transmitted according to the pattern given by the three 
PingScheduleN registers. The ISI will start with the lsb of PingScheduleO register and work its way from 
Isb through msb of each of the PingScheduleN registers. When the msb of PingSchedule 2 is reached the 
ISI returns to the lsb of PingScheduleO and continues to cycle through each bit position of each Ping- 
Sch eduleN register. 

With the addition of auto-ping operation we now have three potential sources of packets in an ISIMaster 
SoPEC: USB, CPU and auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 
outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originating 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets get 
priority whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
bit counters whose reload value is contained in the ISITotalPeriod and ISILocalPeriod registers. As we will 
see in 12.6.4.1 every ISI transaction is initiated by the ISIMaster transmitting either a long packet or a ping 
packet. The ISITotalPeriod counter is decremented for every ISI transaction when contention occurs (i.e. 
both a ping and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted. Neither counter is decremented by a retransmitted packet. 

The amount of guaranteed ISI bandwidth allocated to both local and ping packets is determined by the val- 
ues of the ISITotalPeriod and ISILocalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter is non-zero. Ping packets will be given priority when the ISILocalPeriod 
counter is zero and the ISITotalPeriod counter is still non-zero. Both the ISITotalPeriod and ISILocalPe- 
riod counters are reloaded by the next local packet transmit request after the ISITotaiPeriod counter has 
reached zero. This reload policy minimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter. 
Local packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet transmitted decrements both counters. The difference between the values of the ISITotaiPeriod and 
ISILocalPeriod registers determines the number of automatically generated ping packets that are guaran- 
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teed to be transmitted every ISITotalPeriod number of ISI transactions. If the ISITotalPeriod and ISlLo- 
calPeriod values are the same then the local packets will always get priority and could totally exclude nine 
packets if the CPU always has packets to send. 

For example if ISITotalPeriod = OxC; ISILocalPeriod = 0x8; PingScheduleO = 0x07; PingSchedulel « 
0x06 and PingSchedulel - 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIId3 will receive 3 times the number of ping packets as ISIdl and ISIId2 will receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three PingScheduleN registers) when local packets are always pending 24 local packets 
will be sent, ISIdl will receive 2 ping packets, ISId2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency will automatically adjust upwards to con- 
sume all idle ISI bandwidth. 



12.6.4.11 IISI Registers 

Table 30 below details the ISI configuration registers. Note that some of these registers are also used 
f other blocks in the SCB. 



Table 30. ISI configuration registers 











0x00 


ISrCntrl 


5 


0x2 


ISI Control register 


0x04 


ISIId 


4 


0x1 


ISIId for this SoPEC. A value of 0 indicates the 
device is an ISIMaster. Note that the SoPEC resets 
to being an ISISlave and that OxF (the broadcast 
ISIId) is an illegal value and should not be written to 
this register. 


0x08 


NumRetries 


4 


0x02 


Number of retransmissions to attempt in response to 
a NAK before aborting a long packet transmission 


OxOC 


JSIPingScheduleO 


14 


0x0000 


Denotes which ISIIds will be receive ping packets. 
Note that bitO refers to ISIIdl , bit1 to ISIId2...bit13 to 
ISlld14. 


0x10 


ISIPtngSchedulel 


14 


0x0000 


As per PingScheduleO 


0x14 


IS!PingSchedule2 


14 


0x0000 


As per PingScheduleO 


0x18 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalPeriod counter 


0x1 C 


ISILocalPeriod 


4 


OxF 


Reload value of the ISILocalPeriod counter 


0x20 


ISIStatus 


6 


0x00 


ISI Status register. This register is Readonly. 


0x24 


ISlMask 


6 


0x00 


ISI Interrupt Mask register 


0x30 - 0x4C 


CPUJSITxBuff 


32 


n/a 


32-byte CPU IS I transmit buffer 


0x50 


CPUlSITxBuffCntri 


13 


0x0000 


Control register for the CPUISl transmit buffer 


0x60 - 0x7C 


CPUISIRxBuff 


32 


n/a 


32-byte J SI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 ' 


ISIRxBuffDest 


1 


0x0 


Only one of the CPU and the DMA manager is 
allowed to empty the receive buffer at any time. 
1 = CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12.6.4.11.1 ISI control register 

The ISICntrl register is described in Table 31 below. Note that the reset value of this register allows the 
SoPEC to automatically become an ISIMaster (AutoMasterEnable - 1) if any USB packets are received on 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 120 



SoPEC : Hardware Design 



endpoints 2-4. On becoming an ISIMaster the ISJId register is set to 0, the TxEnable bit of the ISICntrl reg- 
ister is set and any USB or CPU packets destined for other 1SI devices are transmitted. The CPU can over- 
ride this capability at any time by clearing the AutoMasterEnable bit. Automatic ping operation can only 
be enabled by the CPU as the reset values of the PingScheduleN registers are all 0 and neither DMA chan- 
nel is automatically configured 



Table 31. ISICntrl register 



HI 






TxEnable 


0 


Enables ISl transmission ot long or ping packets. This is cleared by 
transmit errors and so needs to be restarted by the CPU. Note that 
ACKs may still be transmitted when this bit is 0. 
1 = Transmission enabled 
0 = Transmission disabled 


Rx Enable 


1 


Enables ISl reception. This Is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 o Reception enabled 
0 = Reception disabled 


Auto Ping Enable 


2 


Enables auto-ping operation 
1 » auto-ping enabled 
0 = auto-ping disabled 


AutoMasterEnable 


3 


Enables the device to automatically become the ISIMaster if activ- 
ity is detected on USB endpoints2-4. 
1 = auto-^naster operation enabled 
0 = auto-master operation disabled 



12.6.4.11.2 ISl status register 

The ISIStatus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
are cleared by writing to either the TxEnable or RxEnable bits of the ISICntrl register or the CPUISITx- 
Butf 



Table 32. ISIStatus register 









FrameError 


0 


Framing error detected in the received packet. This can be caused 
by an incorrect Start or Stop field or by bit stuffing errors 


RxError 


1 


A CRC error or flow control condition was detected in NumRe- 
tries+1 successive packets (excluding ping packets) 


RxBuffFuil 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overflow has occurred in the ISl receive buffer and a packet had 
to be dropped. 


CPU ISITxBuff Empty 


4 


The CPUlSlTxBuff Is empty 


TxError 


5 


Transmission error. Receiving ISl device would not accept the 
transmitted packet Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets). 
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12.6.4.11.3 ISI mask register 

An interrupt will be generated in an edge sensitive manner i.e the ISI will generate an isi icu irq pulse 
each time a status bit goes high and the corresponding bit of the ISIMask register is enabled. 



Table 33. ISIMask register 









FrameErrortntEn 


0 


Interrupt enable mask bit for the FrameError status bit 


RxErrorlntEn 


1 


Interrupt enable mask bit tor the Rx Error status bit 


RxBuffFunintEn 


2 


Interrupt enable mask bit for the RxBuffFuil status bit 


RxBuffOverftowlntEn 


3 


Interrupt enable mask bit for the RxBuffOverflow status bit 


CPUISITxBuffEmpty- 
IntEn 


4 


Interrupt enable mask bit for the CPUISITxBuffEmpty status bit 


TxErrorfntEn 


5 


Interrupt enable mask bit tor the TxError status bit 



12.6.4.11.4 CPUISITxBuffCntrl register 

The CPUISITxBuffCntrl register contains the header field for the packet in the CPUISI transmit buffer 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet in the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (see section 12.7). Note that the CPU is responsible for toggling the sequence 
bit of any long packets it wishes to transmit. The CPUISITxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer 



Table 34. CPUISITxBuffCntrl register 









PktDesc 


2:0 


PktDesc field (as per Tabfe 29) for the packet currently in the CPU- 
ISI transmit buffer. 


DestlSISubld 


3 


Indicates which DMAChannel of the target SoPEC the data in the 
CPUISI transmit buffer is destined for: 

0 = DMAChanneJO 

1 a DMAChannel! 


DestlSlld 


7:4 


Denotes the ISild of the target SoPEC as per Table 35 



12.7 SCB Mapping 

In order to support maximum flexibility when moving data through a multi-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logical view of the 
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SCB is shown in Figure 37. This view differs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 



CPUIS! 
TxBuffer 



USB 
Host 



USB 

Controller 



SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 
TxBuffer 



SCB 
Map 



DMA 
Manager 



ChanrvelQ 



Ch4nnal\ 



Rx 



asi 



CPU 



DIU 



— isi_din 
-> isi_dout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISIId and an ISISubld. Each 
SoPEC in the system has a unique ISIId and two ISlSublds, namely ISISubldO and ISISubldl . We use the 
convention that ISISubldO corresponds to DMAChannelO in each SoPEC and ISISubldl corresponds to 
DMAChannell. The narning convention for the ISIId is shown in Table 35 below and this would corre- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
Cld to avoid confusion with the unique ChipID used to create the SoPEQJd and SoPEC_id_key (see 
chapter 17 and [9] for more details). 



Table 35. ISIId naming convention 











B 


0 


ISIMaster (typically a SoPEC connected to the host via US81 .1 ) 


1 -14 


ISIS)ave1-14 


15 


Broadcast ISIId 



The combined ISIId and ISISubld therefore allow us to address any DMAChannel in the system. The ISI, 
DMA manager and SCB map hardware use the ISIId and ISISubld to handle the different data streams that 
are active in a multi-SoPEC system as does the software running on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISIx.y where x is the ISIId and y is the ISISubld Thus ISI2. 1 
refers to DMAChannell of ISISlave2. Any data sent to a broadcast channel, i.e. ISI15.0 or ISI15.1, are 
received by every ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 

The USB controller and software stacks however have no understanding of the ISIId and ISISubld but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubld USB 
is simply used as a data transport - the mapping of USB endpoints onto ISIId and Subld is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
running on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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Sh 



The use of just two DMAChannels places some limitations on what can be achieved without software 
intervention. For every SoPEC in the system there are more potential sources of data than there are sinks 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to control and data from the host, either specifically addressed to that particular ISrSlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.e. the two DMAChan- 
nels. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data information from the host (e.g. over USB). In this case all 
of the control messages are in contention for access to DMAChannelO. We resolve these potential conflicts 
by adopting the following conventions: 

1) Control messages may be interleaved in a memory buffer: The memory buffer that the 
DMAChannelO points to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMAChannel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 1 5.0 broadcast channel. 

2 ) Data messages should not be interleaved in a memory buffer: As data messages are typically 

part of a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthermore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel. 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 

active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or I i.e. the ISI is the only 
source of incoming data in an ISISlave. The ISIMaster's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host. As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software mnning on the ISIMaster) it should not do so without informing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 12.7.2. 

12.7.1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device in 
particular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 
an ISI-Bndge chip. ISI-Bridge chips are likely to have something similar to an SCB map and the following 
information should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 
As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint, EPO. At boot time the ISIMaster SoPEC will also require a bulk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration 
i.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is shown 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO f 

All packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU, This asymmetry is because in a multi-SoPEC environment the CPU will 
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need to examine all incoming control messages (Le. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISlave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
small. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.1.1 
through 12.4.1.4 



Source 


Sink 


EPO 


rsio.o 


EP1 


isro.1 


EP2 


nc 


EP3 


nc 


EP4 


nc 



SCB 



key: 




Control and data 
from host 

Control info from 
SoPEC 



Figure 38. Single SoPEC SCB map configuration and dataflow 



12.7.2 Broadcast communication 

An SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISISublDO and ISISubldl of ISIIdlS (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EPi is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
convenient for the boot loader software, EP I may or may not be used during the initial program download, 
but EPI is highly likely to be used for compressed page or other program downloads later. For this reason 
it is part of the default configuration. In this setup the USB device configuration will take place, as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloaderl program code to all SoPECs by 
broadcasting it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
gram. The ISIMaster SoPEC then polls each ISISlave (over the ISIx.O channel). Each ISISlave ascertains 
its ISIId by sampling the particular GPIO pins required by the bootloaderl and reporting its presence and 
status back to the ISIMaster. The ISIMaster then passes this information back to the host over EPO. Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs, and their lSIIds, in the system. 
The host may then reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
. SoPEC system This could involve simplifying the default configuration to a single SoPEC system (Figure 
38) or remapping the broadcast channels onto DMAChannels in individual ISISlaves. 
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12.7.3 



Control and data 
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SoPEC to host 
Control info from 
SoPEC to ISISfaves 
Control info from 
ISISIaves to SoPEC 

Figure 39. Default SoPEC SCB map configuration and dataflow 

The following steps are required to reconfigure the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISIl .0: 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EP3 be 
remapped to ISI 1.0 

2 )The ISIMaster SoPEC sends a control message to the host PC informing it that EP3 has now been 

mapped to ISI1.0 (and therefore the host knows that the previous mapping of ISI15.1 is no longer 
available through EP3). * 

3 ) The host may now send control messages directly to ISISlave! without requiring any CPU interven- 

tion on the ISIMaster SoPEC 

Host PC - ISISlave SoPEC communication 

The default post-boot (as opposed to post-reset) SCB map configuration for an ISISlave SoPEC is to have 
all USB endpomts unconnected The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (e g when 
the ISIMaster is a SoPEC, and that SoPEC *s SCB map is configured correctly) then data sent from the host 
destined for an ISISlave will be transmitted on the ISI with the correct address. If the ISISlave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
intended recipient. It is then the ISIMaster's responsibility to forward this message to the host. 
With this configuration the host can communicate with the ISISiave via broadcast messages only and this 
is the mechanism by which the bootloaderl program is downloaded. The ISISiave is unable to communi- 
cate with the host (or the ISIMaster) until the bootlloaderl program has successfully executed and the 
ISISiave has determined what its ISIId is. After the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured to reflect the most appropriate topology 
for the particular multi-SoPEC system it is part of. 

All communication from an ISISlave to host is achieved by sending messages via the ISIMaster The 
ISISlave can never initiate communication to the host. If an ISISlave wishes to send a message to the host 
it may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent in response to the reception of an ISI packet specifically addressed to that ISISlave) 
that it has a message to send When the ISIMaster receives the message from the ISISlave it first examines 
it to determine the intended destination and will then copy it into the EPO FIFO for transmission to the 
host. The software running on the ISIMaster is responsible for any arbitration between messages from dif- 
ferent sources (including itself) that are all destined for the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.1.5 and 
12.4.1.6. 

12.7.4 ISIMaster - ISISlave communication 

All ISIMaster - ISISlave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloaderl program has successfully executed on all SoPECs 
in a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 

If an ISISlave wishes to send a message to the ISIMaster it may do so in response to a ping packet from the 
ISIMaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains information required to be sent to the host. In the case of the ISIMaster 
being a SoPEC, software will transfer the appropriate information into the EPO FIFO for transmission to 
the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.2.3 and 
12.4.2.4. 

12.7.5 ISISlave - ISISlave communication 

ISISlave to ISISlave communication is expected to be limited to two special cases: (a) when the PrintMas- 
ter is not the ISIMaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
then it will need to send control messages (and receive responses to these messages) to other ISISIaves. 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISlave to 
ISISlave communication will take place in response to ping messages from the ISIMaster. 

12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink. This is performed on a endpoint 
basis i.e. each endpoint has a configuration register to allow its data sink be selected. Mapping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writing to 
the appropriate configuration registers in the USB controller/ ISI / DMA manager. 



Table 36. SCB Map configuration registers 









m 








0x100 


USBEPODest 


7 


0x20 


This register determines which of the data sinks the 
data arriving in EPO should be routed to. 


0x104 


USBEPIDest 


7 


0x21 


Data sink for USB EP1 


0x108 


USSEP2Dest 


7 


0x3 E 


Data sink for USB EP2 
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Table 36. SCB Map configuration registers 




The same encoding is used for each of the USBEPnDest configuration registers and is described in 
Table 37. The /Slid register (see Table 30) allows the SCB map to identify data that should be routed to the 
DMA Manager as well as, or instead of, to the ISI. The SCB map therefore does not need special fields to 
identify the DMAChannels on the ISIMaster SoPEC as this is taken care of by the SCB hardware. Thus the 
USBEPODest and USBEPlDest registers should be programmed with 0x20 and 0x21 (for ISIO.O and 
ISIO. 1) respectively to ensure data arriving on these endpoints is moved directly to DRAM. 



Table 37. USBEPnDest register 





mm 




DestlSISubld 


0 


Indicates which DMAChannel of the target SoPEC the endpoint is 
mapped onto: 

0 = DMAChannetO 

1 a OMAChannell 


DestlSUd 


4:1 


Denotes the ISIId of the target SoPEC as per Table 35 


ChannelEn 


5 


Enable bit for the DMAChannel: 

0 = Channel disabled 

1 = Channel enabled 


SequenceB it 


6 


Sequence bit for packets going from USBEPn to DestlSlld.Destl- 
SISubld. Every CPU write to this register initialises the value of the 
sequence bit and this is subsequently updated by the ISI after 
every successful long packet transmission. 



| A SoPEC ISIMaster should map as many USB endpoints, under the control of the host, as are required for 

the multi-SoPEC system it is part of. As already mentioned this mapping may be dynamically reconng- 



12.7.7 SCB transmit buffer arbitration 



When the SCB transmit buffer has been emptied the SCB control logic will immediately seek to refill it 
As there may be data waiting in a USB endpoint FIFOs and in the CPUISI transmit buffer it may be neces- 
sary to arbitrate between these data sources. This arbitration is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both the CPU and the USB. If only one of these bits is set then the 
corresponding source always has priority. Note that if the CPU is given absolute priority over the USB the 
software filling the CPUISI transmit buffer needs to ensure that sufficient USB traffic is allowed through 
If both bits of. the SCBTxBuffArb have the same value then arbitration will take place on a round robin 
basis. 

As the speed at which the SCB transmit buffer can be emptied is at least 5 times greater than it can be filled 
by USB traffic the double buffers used for each USB endpoint will not overflow using the above scheme in 
normal operation. There are a number of scenarios which could lead to the USB endpoints being tempo- 
rarily blocked such as the CPU having priority, retransmissions on the ISI bus, channels being enabled (cf 
the ChannelEn bit of the USBEPnDest register) with data already in their associated endpoint FIFOs or 
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short packets being sent on the USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 



12.7.8 SCB Control Block 



The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB. This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISI transmit 
buffer into the SCB transmit buffer and arbitrating between the CPU and itself for access to the SCB sub- 
blocks. 



Table 38. SCB control block configuration registers 




0x120 



WakeupEnaWe 



0x0 



This register is used to gate the propagation of the 
USB and tS! reset signals to the CPR Mock. Active 
high. 

WakeUpEnabte[OJ: usb_cpr_reset__n control 
WakeUpEnable[1]: isi_cpr_reset_n control 



0x124 



SCBTxBuffArb 



0x0 



Determines which source has priority when conten- 
tion arises in filling the SCBTxBuffer. When a bit is 
set priority is given to the relevant source. 
SCBTxBuffArbfp): CPU priority 
SCBTxBuffArb[1]: USB priority 



0x128 



SCBDebugSel 



10 



0x000 



Contains address of the register selected for debug 
observation as it would appear on cpu_adr(1 1 ;2) 
The contents of the selected register are output in 
the scb_cpu_data bus while cpu_scb_set is low and 
$cb_cpu_debug_va!id is asserted to indicate the 
debug data is valid. 

It is expected that a number of pseudo-registers will 
be made available for debug observation and these 
will be outlined with the implementation details. 



12.8 DMA Manager 

The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USB 1.1 enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the I SI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each ISISubld, to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpoint and 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU write (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from the ISI and data arriving from a USB 
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J3 



endpoint on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
Mbit/s at the time of writing but this may need to be increased especially if a 4-wire ISI bus is used. See 
section 20.6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager performs the work of moving data the CPU controls the destination and relative 
timing of dataflows to and from the DRAM. The management of the DRAM data buffers requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other words when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

12.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChannels. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdr, DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr, The operation of the circular buffers is shown in Figure 40 below. 




< — DMAnTopAdr 
DMAnlntAdr 



4— DMAnCurrWPtr 



as 



DMAnMaxAdr 
DMAnBottomAdr 



(a) 

Key: Q 

Free buffer space 



§] Filled buffer space (unprocessed data) 



DMAnTopAdr 




DMAnMaxAdr 
< — DMAnlntAdr 



4— DMAnCurrWPtr 
4— DMAnBottomAdr 



(b) 



KS^ Buffer s Pace filled since last write to the DMAnlntAdr/DMAnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometime after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin- 
ished band interrupt (which frees up buffer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlntAdr being hit. The DMA manager will continue filling the free buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU. Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnlntAdr (i.e. DMACurrWPtr « DMAnlntAdr) it will generate an interrupt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlntAdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been freed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA transfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register. 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrWPtr register and appropriate addresses to the DMAnln- 
tAdr and DMAnMaxAdr registers. The DMA operation will not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrWPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or IS! receive operation. 



The DIU must guarantee the SCB enough bandwidth to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can overrun. For example, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band- 
width utilization and so USB backpressuring should only be used as a last resort. The DIU currently guar- 
antees 50 Mbit/s to the SCB and more bandwidth will be available when other DIU requestors do not take 
their slots. This is sufficient for the SCB's requirements. 



All of the circular buffer registers are 256-bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular buffer.The DMAnCurrWPtr always points to the next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either the DMAnlntAdr or 



12.8.2 DMA manager DRAM bandwidth requirements 



12.8.3 DMA manager configuration registers 
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DMAnMaxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMaxAdr register. 

Table 39. DMA Manager Configuration Registers 







Hi? 








0x200 


DMAOBottomAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChannelO 


0x204 


DMAOTopAdr 


17 


0x0_0000 


The 256-bit aligned DRAM address of the 

tOD of thd Circular buffer cr>rvir*oH hu 

DMAChannelO 


0x208 


DMAOCurrWPtr 


17 


OxOJXXX) 


The 256-bit aligned DRAM address of the 
i icai iviv«oifuii i_/ivi/-\^i \cMfi\t2\vj win write io. i nis 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x20C 


OMAOIntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location mat win tngger an interrupt when 
reached by DMAChannelO buffer. 


0x210 


DMAOMaxAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
fast free location in the DMAChannelO circu- 
lar buffer. The DMAChannelO transfers will 
stop when it reaches this address. 


0x214 


DMAOSeqBit 


1 


0x0 


Sequence bit for DMAChannelO. This bh may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x218 


DMAlBottomAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
Donom or ine circular ouner serviced by 
DMAChanneM 


0x21 C 


DMAtTopAdr 


17 


0x0_0000 


The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChanneM 


0x220 


DMAlCurrWPtr 


17 


0x0,0000 


The 256-bit aligned DRAM address of the 
next location DMAChanneM will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x224 


DMAHntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChanneM buffer. : 


0x228 


DMA1 MaxAdr 


17 


OxO.0000 


The 256-bit aligned DRAM address of the 
last tree location in the DMAChanneM circu- 
lar buffer. The DMAChanneM transfers win 
stop when K reaches this address. 


0x22C 


DMAlSeqBit 


1 


0x0 


Sequence bit for DMAChanneM . This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x230 


DMAChanEn 


2 


0x0 


Enable DMA operation on a per channel 
basis. Active high. 

DMAChanEn[0]: Enable OMAChannelO 
DMAChanEn[1]: Enable DMAChanneM 
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Table 39. DMA Manager Configuration Registers 





DMA status register. See section 12.6.3.1. 
This register is Readonly. 



DMA mask register. See section 12.8.3.2 



12.8.3.1 DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live* status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlruAdr or DMAnMaxAdr register. 



Table 40. DMA Status Register 





M 


wsnmrnaummmt wmm 


DMAChannerolntAdrHrt 


0 


DMAChannetO has reached the address contained in the 
DMAOIntAdr register 


DMAChannelOMaxAdrHit 


i 


DMAChanneK) has reached the address contained in the 
DMAOMaxAdr register 


DMAChanneM IntAdrHit 


2 


DMAChanneM has reached the address contained in the 
DMA UntAdr register 


DMAChanneM MaxAdrHit 


3 


DMAChanneM has reached the address contained in the 
DMA IMaxAdr register 



12.8.3.2 DMAMask register 

All bits of the DMAMask are both readable and writable by the CPU. The DMA manager cannot alter the 
value of this register.All interrupts are edge sensitive i.e the DMA manager will generate a dmajicujirq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DMA Manager Mask Register 









DMAChannelOlntAdrHitMask 


0 


1 = Generate an interrupt when the DMAChannelOtntAdrHrt status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOlntAdrHit 
status bit goes high 


DMAChanneiOMaxAdrHitMask 


1 


1 = Generate an Interrupt when the DMAChannelOMaxAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOMaxAdrHit 
status bit goes high 


DMAChanneM IntAdrHitMask 


2 


As per DMAChannelOlntAdrHitMask 


DMAChannel 1 MaxAdrHitMask 


3 I 


As per DMAChanneiOMaxAdrHitMask 



12.9 SCB Implementation 

This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and ISI can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive data (1 2 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or ISI data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all endpoints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case the backlog will be fully cleared in 3 USB 64-byte packet times. 

ISI: The ISI can support simultaneous reception and transmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected to handle the packet header and trailer, if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are unidirectional but their direction, namely whether they are transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not always valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
sary bits in the case of a DRAM read. Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) buffering for the DRAM manager ? 
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Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinks = 12 

for i ■ 1 to no_data_sinks 
if (i <= 2) then 

sink_data is dma_din 
sink_rdy is dma_din_rdy 
sink_data_valid is dma_din_valid 
sink_id is dma_din_id 
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else 

sink_data is isi_tx_data 
sinker dy is isi_tx_rdy 
sink_data_valid is isi_tx__data_valid 
sink^id is isi_tx_data_id 

if (data_src_reg(i) != 0) then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if (<data_src__regti] & OxFO) == 0x10) then // A USB endpoint is the data source 
if ( (usb_ep_rdy(4) == 1) AND (usb_ep_rdy [3 :0J == data_src_reg( i) C3 : 0] ) ) then 

// there is data waiting in the EP FIFO 
while ( <usb_data_valid «== 1) AND (sink_rdy == 1) AND clocktick) 
sink_data = usb_rx_data 
sink__data_valid = 1 

if <i <= 2) then // The sink is a DMAChannel 
sink_idll] = 1 
sink_id(0] * i -1 
else // The sink is an ISI channel 
sink_id(5] = 1 
sink_id(4:0) = i -1 
else // There is no data ready to go 
sink_data_valid = 0 

els if {data_src_reg & OxFO) == 0x20) then // The ISI is the data source 

if <isi_data_rdy_id[3:0] == da ta_src_reg I i J [3:0]) then // there is data waiting 

// in the ISI receive FIFO for this ISISubld 
while ( <isi_rx_data_valid == 1) AND <sink_rdy -= 1) AND clocktick) 
sink_data = isi_rx_data 
sink_data_valid = 1 

if <i <= 2) then // The sink is a DMAChannel 
sink_idll] = 1 
sink_id[0] » i -1 
else // The sink is an ISI channel 
sink_id(5] = 1 
sink_id[4:0) = i -3 
else // There is no data ready to go 
sink_data_valid = 0 

els if (data_src_reg & OxFO) == 0x30) then // The DMA is the data source 

if (dma_dout_rdy_id[0) == data_src_reg[ i ) [ 0) ) then // there is data waiting 

// in the relevant DMA buffer for this sink 
while ( <dma_dout_valid «= 1) AND (sink_rdy ==* 1) AND clocktick) 
sink__data - dma_dout 
sink_data_valid = 1 

if (i <= 2) then // The sink is a DMA channel 
sink_id[l] « 1 
sink_idl0) « i -1 
else // The sink is an ISI channel 
sink_id[51 = 1 
sink_id[4:0] = i -3 
else // There is no data ready to go 
sink_data_valid = 0 

The above pseudocode has a few shortcomings, particularly if all our data buses are not the same size, but 
it shows the basic functionality the switch is supposed to offer. The main loop of the pseudocode (for i «= 1 
to no_data_sinks) dictates what happens within one timeslot. The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_ep_rdy[4:0], isi_data_rdy_id[5:0] and 
dma_dout_rdty__id[l:0] signals is used to indicate that data is available in the relevant block. 
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13 General Purpose IO (GPIO) 

13.1 Overview 

The General Purpose IO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their functions are detailed as: 

• 4 Motor control IOs internally pulled down 

• 4 General purpose high drive pulsed IOs capable of driving LEDs. 

• 4 Open drain IOs used for LSS interfaces 

• 2 Normal drive IOs used for the ISI interface in Multi-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled A 
programmable de-glitching circuit exists for all input pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of the above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functionality 



IIMS] 




gpio[3:0] 


Motor control pins / general purpose IO 


gpio[7:4] 


LED driver pfns / general purpose IO 


gpio[11:8] 


LSS interface pins / general purpose IO 


gpio[13:12} 


ISI interface pins t general purpose IO 



1 3.2 MOTOR CONTROL 

The motor control pins can be directly controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period, the phase, the duty cycle, and counter granularity. 

There are two motor master counters (0 and 1) with identical features. The period of the master counters 
are defined by the Motor MasterClkPeriod [1:0] and MotorMasterClkSrc registers i.e. both master counters 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to determine the timing period. The MotorMasterClkSrc can select clock sources of 
1 us, 1 OOus, 1 Oms and pclk timing pulses. 

The MotorMosterClkPeriod[l:0] registers are set to the number of timing pulses required before the tim- 
ing period re-starts. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a unit each time a timing pulse is received 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriod [1:0] registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the IO pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The Motor Master ClkSelect [3:0] registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the count is equal to MotorCtrlHigh value the 
motor control is set to 1, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. . 
This allows the phase and duty cy cle of the motor control pins to be varied at pclk granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 

13.3 LED CONTROL 

LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (128us period) 
clock generated from the lus clock pulse from the Timers block- The LEDDutySelect registers are used to 
create a signal with the desired waveform. Unpulsed operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controlled by the LED control logic. 



Master Clock 
LEDDutySelect =0 
LEDDutySelect =1 
LEDDutySelect =2 
LEDDutySelect =3 
LEDDutySelect =4 
LEDDutySelect =5 
LEDDutySelect =6 
LEDDutySelect =7 



Figure 42. Duty Cycle Select 



13.4 LSS INTERFACE VIA GPIO 

In some SoPEC system configurations one or more of the LSS interfaces may not be used. Unused LSS 
interface pins can be reused as general IO pins by configuring the CpuIOCtrl register. When a bit in the 
CpulOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the pin is controlled 
by the LSS block. By default the LSS controls the GPIO pins II to 8. 

1 3.5 ISI INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpio[l2] and gpiofJ 3] pins. Control of the ISI interface pins is determined by the CpulOCtrl register. 

When a bit in the CpulOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the . 
pin is controlled by the ISI block directly. By default the pins are directly controlled by the ISI block. 

In single SoPEC systems the pins can be re-used by the GPIO. 

13.6 CPU GPIO CONTROL 

The CPU can assume direct control of any (or all) of the IO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpulOCtrl register. Once set the IO pin assumes the 
direction specified by the CpuIODirection register. When in output mode the value in register CpuIOOut 



I I 



1 



i r 
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will be directly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-giitched form, by reading CpuIOIn and CpuIOInDeglitch respectively 
When writing to the CpuIOOut register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits (13 to 0). 



13.7 Programmable de-glitching logic 

Each 10 pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
IO pin for a predetermined time before concluding that a pin is in a particular state. The exact sampling 
length is configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeGlitchSelect). The sampling length is the same for both high and low states. The DeGlitchCount is pro- 
grammed to the number of system time units that a state must be valid for before the state is passed on 
The time units are selected by DeGlitchClkSel and can be one of 1 us, 100us,10ms andpclk pulses. 
For example if DeGlitchCount is set to 10 and DeGlitchClkSel set to 3, then an input pin (one of gpiofl3 
to 0]) must consistently retain its value for 10 system clock cycles (pclk) before the input state will be 
propagated from CpuIOIn to CpuIOInDeglitch. 



13.8 Interrupt generation 

Any of the GPIO pins can generate an interrupt from the raw or deglitched version of the input pin There 
are 14 possible interrupt sources from the GPIO to the interrupt controller, one interrupt per input pin The 
InterruptSrcSelect register determines whether the raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 



1 3.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured (FreqAnoLostPeriod) and a running average period (FreqA noAverage). 
The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqA noAverage 1 8 ) * 7 + FreqAnoLostPeriod I 8. 

The analyser can be used with any input pin (or its deglitched form), but only one pin at a time can be 
selected. The pin is selected by the FreqAnaPinSelect and its deglitched form can be selected by 
FreqAnaPinFormSelect. 
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13.10 Implementation 

13.10.1 Definitions of I/O 

Table 43. I/O definition 



Clocks and Resets 


pclk 


1 


In 


System Clock 


prstjn 


1 


In 


System reset, synchronous active tow 


tim_pulse(2:0] 


3 


In 


Timers block generated timing pulses. 

0 - 1 us pulse 

1 - 100 us pulse 

2 - 10 ms pulse 


CPU Interface 


cpu_addr[7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataout[31 ft) 


32 


In 


Shared write data bus from the CPU 


gpio_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_gpio_sel 


1 


Jn 


Block select from the CPU. When cpu_gpio_$e? \$ high both 
cpu_addr and cpu_dataout are valid 


gpio_cpu_rdy 


1 


Out 


Ready signal to the CPU. When gpio_cpu_rdy Is high it indi- 
cates the last cycle of the access. For a write cyde this means 
cpu_dataout has been registered by the GPIO block and for a 
read cyde this means the data on gpiojcpu_data is valid. 


gpk>_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


gpio_epu_debug_vaiid 


1 


Out 


Debug Data valid on gpio_cpu_data bus. Active high 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


IO Pins 


gpio_o{13:0) 


14 


Out 


General purpose IO output to IO driver 


gpioj(13:0] 


14 


In 


General purpose IO input from IO receiver - 


gpio_e[13:0] 


14 


Out 


General purpose IO output control. Active high driving 


GPIO to LSS 


lss_gp»o_do[1:0] 


2 


In 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


gpk>Jss_di(1:0) 


2 


Out 


LSS bus data input 
Bit 0 - LSS bus 0 

Bit 1 - LSS bus 1 ; 


lss_gpio_e[1 :0J 


2 


In 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


!ss_gplo_dk[1:0] 


2 


In 


LSS bus clock output 
Bit 0 - LSS bus 0 

Bit 1- LSS bus 1 ' 


GPIO to ISI 

u : ■ . . 
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Table 43. I/O definition 





Bill 


HH 




gpfo_isLdin[1:0] 


2 


Out 


tnput data from IO receivers to ISL 


isLgpto.doutn.-O] 


2 


In 


Data output from IS I to IO drivers 


iscgpio_e[1:0] 


2 


fn 


GPJO ISI pins output enable (active high) from ISI Interface 


Interrupts 


0pk>JcuJrq[13:O) 


14 


Out 


GPIO pin Interrupts 


Debug. 


debug_data_qut[1 6:3] 


14 


In 


Output debug data to be muxed on to the GPIO pins 


debug_cntri[16:3] 


14 


In 


Control signal for each GPIO bound debug data line indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10.2 Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70 for a description of the protocol and timing diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpio_pcu_data. Table 44 lists the configuration registers in the GPIO block 



Table 44. GPIO Register Definition 









mm. 




CPU IO Contro 


I 


0x00 


CpulOCtrl 


14 


0x0000 


Indicates whether each IO pin is directfy control- 
led by the CPU or not 

0 - Default Control 

1 - CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU GPIO control 
register. When 1 user access is enabled. One 
bit per gplo pin. Enables access to CpufODirec- 
tson, CpufOOut, CpulOln and CputOlnDegfitch 
in user mode if CpulOCtrl allows CPU access. 


0x08 


CpuIOSuperModeMask 


14 


0x3FFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supervisor access is 
enabled. One bit per gpio pin. Enables access to 
CpulODirection. CputOOut, CputOln and Cpul- 
OlnDeglitch in supervisor mode if CpulOCtrl 
allows CPU access. 


OxOC 


CpulODirectton 


14 


0x0000 


Indicates the direction of each IO pin, when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 - Indicates Output Mode 
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Table 44. GPIO Register Definition 



I 





• ximj0®ms&&w ww 






0x10 


CpulOOut 


30 


0x0000 
JXJ00 


Value used to drive output pin In CPU direct 
mode. 

bitsl 3:0 - Value to drive on output GPIO pins 
bits 15:14 - Reserved, (Read as zero always) 
bits 29:1 6 - Write enable mask for bitsl 3:0, 0 
enables write, 1 masks the write. (Read as zero 
always) 


0x14 


CpulOln 


14 


Exter- 
nal pin 
value 


Value received on each input pin regardless of 
mode. Read Only register. 


0x18 


CpulOlnOeglitch 


14 


0x0000 


Deglilched version of CpulOln register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pcik cycles after they have 
stabilized. Read Only register. 


Deglitch contn 




0x20-024 


DeGJitchCountp :0] 


2x8 


OxFF 


De-glitch circuit sample count in DeGlitchCfkSrc 
selected units for pins gpio[13:0J 


0x28-2C 


OeGlitchCikSrc[1:0] 


2x2 


0x3 


Specifies the unit use of the GPIO deglitch cir- 
cuits: 

0 - 1 us pulse 

1 - 100 us pulse 

2 - 1 0 ms pulse 

3 -pc/* 


0x30 


DeGlitchSelect 


14 


0x000 


Specifies which deglitch count (DeGlitchCount) 
and unit select (DeGtitchClkSrc) should be used 
to deglitch each GPIO pin 

0 - Specifies DeGlitchCount[0J and DeGlitchClk- 
Src[0J 

1 - Specifies DeGfitchCounttljand DeGlitchCfk- 
Src[1} 


Motor Control 


0x34 


MotorCtrlUserModeEnable 


1 


0x0 


User Mode Access enable to Motor control con- 
figuration registers. When 1 user access is ena- 
bled. 

Enables user access to MotorMasterClkPeriod, 
MotorMasterClkSrc. MotorDutySelect, Motor- 
PhaseSelect, MotorMasterClockBnable and 
MotorMasterClkSelect registers 


0x38 to 0x3C 


MotorMasterClkPeriod(1 :0j 


2x16 


0x0000 


Specifies the motor controller master clock peri- 
ods in MotorMasterClkSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use by the motor controller 

master clock generator: 

0 - 1 jis pulse 

1-100 us pulse 

2 - 10 ms pulse 

3 -pcik 


0x44 to 0x50 


MotorCtrlHigh[3:0) 


4x16 


0x0000 


Specifies the low to high transition point in the 
clock period for each motor control pin. 


0x54 to 0x60 


Mot6rCtriLow[3:0] 


4x16 


OxFFFF 


Specifies the high to low transition point in the 
clock period for each motor control pin. 
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Table 44. GPIO Register Definition 



flippy 






©55?j 












0x64 to 0x70 


MotorMasterClkSeiect(3:0] 


4x1 


0x0 


Specifies which motor master clock should be 
used as a pin generator source 

0 ■ Clock derived from MotorMastetClockPe- 
riod[0] 

1 -Clock derived from MotorMasterCtockPe- 
riod[1] 


0x74 


MotonvlasterClockEnable 


2 


0x0 


Enable the motor master clock counter. When 1 
count is enabled I 
Bit 0 - Enable motor master clock 0 
Bit 1 - Enable motor master dock 1 


LED control 


0x78 


LEDCtriUserModeEnable 


4 


0x0 


User Mode Access enable to LED control con- 
figuration registers. When 1 user access is ena- 
bled. 

One bit per LEDDutySelect select register. 


0x7C to 0x88 


LEDDutySelect{3:0] 


4x3 


0x0 


Specifies the duty cycle for each LED pin. See 
Figure 42 for encoding details. The LEDDutySe- 
fect(3:0J registers determine the duty cycle of 
the gp/o/7:4ypins 


Frequency Analyser 


0x8C 


FreqAnaPinSelect 


4 


0x00 


Selects which GPIO input should be used for the 
frequency analyses. 


0x90 


FreqAnaPinFormSelect 


1 


0x0 


Selects if the frequency analyser should use the 
raw input or the deglitched form. 

0 - Deglitched form of input pin 

1 - Raw form of input pin 


0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Analyser last period of selected input 
pin. 


0x98 


FreqAnaAverage 


16 


0x0000 


Frequency Analyser average period of selected 
input pin. 


0x9C 


FreqAnaCountlnc 


20 


0x0000 
0 


Frequency Analyser counter increment amount. 
For each dock cycle no edge is detected on the 
selected input pin the accumlator Is incremented 
by this amount. 


Miscellaneous 


OxAO 


tnterruptSrcSelect 


14 


0x000 


Interrupt source select. 1 bit per GPIO pin. 
Determines whether the interrupt source is 
direct form the input pin or the deglitched ver- 
sion 

1 - Input pin direct 

0 - Deglitched input pin 


0xA4 


DebugSelect 


6 


0x00 


Debug address select indicates the address of 
the register to report on the gpio_cpu^_c/ata bus 
when It is not otherwise being used. 


0xA8-0xAC 


MotorMasterCount 


2x16 


0X0000 


Motor master clock counter values. 
Bus 0 - Master dock count 0 
Bus 1 - Master dock count 1 
Read Only registers 
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13.10.2. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpujacode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the GPIO will issue a bus error by asserting the gpio__cpuJberr signal. 

Access to the CpuIODirection, CpuIOOut, CpuIOln and CpuIOInDeglitch is filtered by the CpuIOUser- 
ModeMask and CpuIOSuperModeMash registers. Each bit masks access to the corresponding bits in the 
CpuIO* registers for each mode, with CpuIOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask filtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result Similarly for supervisor mode. 

When writing to the CpuIOOut register, bits 29 to 16 are used to mask the write to the CpuIOOut [13:0]. If 
the mask bit is zero the write is active to corresponding CpuIOOut pin, otherwise the write to that pin is 
ignored. 

The pseudocode for determining access to the CpuIODirection register is shown below. Similar code could 
be shown for the CpuIOOut, CpuIOln and CpuIOInDeglitch registers, 
if (cpu_acode == SUPERVISOR_DATA_MODE) then 
// supervisor mode 

if (CpuIOSuperModeMask [ 13 :0] *= 0 ) then 

// access is denied, and bus error 

gpio_cpu__berr = 1 
elsif (cpu_rwn e= 1) then 

// read mode 

gpio_cpu_data {13 :0J = ( CpuIOOut [ 13 :0) & CpuIOSuperModeMask [ 13 : 0 ] ) 
else 

// write mode, filtered by mask 

mask [13:0) = - (cpu_dataout [ 29 : 1 6} ) & CpuIOSuperModeMask [ 13 : 0) 

CpuIOOut t 13: 03 = (( cpu_dataout [13:0] & mask [13:0] ) | 
( CpuIOOut [13:0] & ~<mask[13 :0] )) ) ) 
elsif (cpu_acode == USER__DATA_MODE) then 
// user datamode 

if (CpuIOUserModeMask (13 :0) >a 0 ) then 

// access is denied, and bus error 

gpio_cpu_berr = 1 
elsif {cpu_rwn == 1) then 

// read mode, filtered by mask 

gpio_cpu_data = { CpuIOOut [ 13 : 0] & CpuIOUserModeMask [13 : 0] > 
else 

// write mode, filtered by mask 

mask[l3:0] = - <cpu_dataout [ 29 : 16) ) & CpuIOUserModeMask [ 13 : 0] 

CpuIOOut [13 :0] = (( cpu_dataout(13:0] & mask(13:0] ) | 
{ CpuIOOut [13:0] & Mmask[13:0)]))> 

else 

// access is denied, bus error 
gpio_cpu_berr = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error {gpio_cpuJberr asserted). 



Table 45. GPIO supervisor and user access modes 









0x00 


CpulOCtri 


Supervisor data mod© only ~ 


0x04 


CpulOUserModeMask 


Supervisor data mode only 


0x08 


CpuiOSuperModeMask 


Supervisor data mode only 


OxOC 


CpulODirection 


CpulOUserModeMask and CpuiOSuperModeMask filtered 


0x10 


CpuIOOut 


CpulOUserModeMask and CpuiOSuperModeMask filtered 


0x14 


CpulOln 


CpulOUserModeMask and CpuiOSuperModeMask filtered 


0x18 


CpulOlnDeglitch 


CpulOUserModeMask and CpuiOSuperModeMask filtered 


0x20-024 


OeGlitchCount[1 :0] 


Supervisor data mode only 


0x28-20 


DeGlitchCfkSrc(1:0] 


Supervisor data mode only 


0x30 


DeGlitchSelect 


Supervisor data mode only 


0x34 


MotorCtriUserModeEnable 


Supervisor data mode only 


0x38 to 0x3C 


MotorMasterClkPeriod[1 :0] 


MotorCtriUserModeEnable enabled 


0x40 


MotorMasterClkSrc 


MotorCtriUserModeEnable enabled 


0x44 to 0x50 


MotorCtriHigh[3:0] 


MotorCtriUserModeEnable enabled 


0x54 to 0x60 


MotorCtriLow[3:0] 


MotorCtriUserModeEnable enabled 


0x64 to 0x70 


MotorMasterClkSelect(3:0] 


MotorCtriUserModeEnable enabled 


0x74 


MotorMasterCJockEnable 


MotorCtriUserModeEnable enabled 


0x78 


LEDCtrlUserModeEnabfe 


Supervisor data mode only 


0x80 


LEDDutySefectfO] 


LEDCtr1UserModeEnable[0J enabled 


0x84 


LEDOutySelect[1] 


LEDCtriUserModeEnable[1J enabled 


0x74 


LEDDutySelect(2} 


LEDCtrlUserModeEnable[2) enabled 


0x88 


LEDDutySelect(3J 


LEDCtrlUserModeEnable[3] enabled 


0X8C 


FreqAnaPinSelect 


Supervisor data mode only 


0x90 


FreqAnaPinFormSelect 


Supervisor data mode only 


0x94 


FreqAnaLastPeriod 


Supervisor data mode only 


0x98 


FreqAnaAverage 


Supervisor data mode only 


0x9C 


FreqAnaCountlnc 


Supervisor data mode only 


OxAO 


InterruptSrcSelect 


Supervisor data mode only 


0xA4 


DebugSelect 


Supervisor data mode only 


0xA8-0xAC 


MotorWasterCount 


Supervisor data mode only 
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13.10.3 GPIO partition 
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Figure 43. GPIO partition 



13.10.4 IO control 

The IO control block connects the IO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins, ISI and LSS control logic: 
//. motor and led pins, 
for <i=0; i<14 ; { 

if (debug_cntrl [i] == 1) then 
gpio_e t i J o 1 

gpio_o [ i 1 = debug_data_out [ i ) 
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cpu_io_in{i) = gpio_i{i] 
if <cpu_io_ctrl[iJ == 1) then 

SPio_e(i] = cpu_io_dir (ij 

gpio__o(i) = cpu_io_out(i] 

cpu_io_in(i] « gpio_i£i] 
else 

// default control 

if ( i < 4 ) then // motor control pins 

gpio_e{i] * 1 

gpio_o[i] - motor_ctrl(i) 

cpu__io_in[i] = gpio_i[i] 
elsif ( i < 8 ) then // LED pins 

gpio_e(i] = 1 

gpio_o[ij * led_ctrl[i) 

cpu_io_in[i] = gpio_i[i) 
elsif (i < 10) then // LSS interface clock pins 

gpio_e(i) = 1 

gpio_o[i] ■ lss_gpio_clk[i-8] 

cpu_io_in(i] = gpio_i(i] 
elsif (i < 12) then // LSS interface data pins 

gpio_e[iJ = lss_gpio_e[i-10) 

gpio_o[i] = lss_gpio_do[i-10] 

lss_gpio_di[i-10] = gpio_i{i) 
else // isi interface* pins 

gpio_e[i] = isi_gpio_e [i-12] 

gpio_o[i) isi_gpio_dout[i-12] 

isi_gpio_din[i-12) = gpio_iCi] 

) 

13.10.5 LED pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a lus pulse from the timers 
block (tim_pulse[0J). The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED (led_duty_sel). 

The logic is given by: 

for (i=0 i<4 ;i++) { // for each LED pin 
// period divided into 8 segments 
period_div8 ■ cnt(6:4J; 

if (period_div8 <= led_duty_sel [i) ) then 

led_ctrl(ij = 1 
else 

led_ctrl[i] = 0 
//in higher half invert the led control 
if <cntI6] 1) then 

led_ctrl[i) « - led_ctrl[i) 

) 

// update the counter every lus pulse 
if (tim_pulse(0) == 1) then 
cnt ++ 

13.10.6 Motor control 

The motor controller consists of 2 counters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse (cnt_en) is received. The counters start the configured 
clock period value (motor \jnas_clk_period) and decrement to zero. If the counters are enabled (via 
motor _mas_clk_enable) t the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the counters are re-enabled. 
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The timing pulse period is one of pclk> ljis, lOOus, 1ms depending on the motor_masjclk_sel signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 

// decrement logic 
if (cnt__en aa l) then 

if ( (raas_cnt == 0) AND ( mo t or_ma s_cl k__enabl e == 1)) then 

mas_cnt = motor_raas_clk_period[15 : 0J 
elsif ( (mas_cnt == 0) AND (niotor_jnas_clk w enable =- 0) ) then 

mas__cnt » 0 
else 

mas_cnt — 
else // hold the value 
mas__.cn t = mas_cnt 



motor_mas_dk_src y i 

tim_j>uise{0]- " % 
tim_putse[1) — ► 
tim__pulse{2J- 
1- 



nx)tor_mas_cfk_p©riocf(OJ -p^- 
motor_mas_clk_enabte[0] 



rnotor__ctil__high ■ 
motor_ctri_low • 
motor_mas__cfk__sel • 



motor_mas_dKj)eriod[ 1 ) — / ► 
motof_mas_clk__enable| \ } ► 




*»16 , '4x19 



x4 













Phase 






Generator 









4-4 



motor_cU1 



wJ 2x18 



motOf_mas_count 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
(motor_mas_clkj5el) the motor control high transition point (motor jctrljiigh) and the motor control low 
transition point (motor _ctrl_low). There are 4 instances one per motor control pin. 

The logic is given by: 

// select the input counter to use 
if { mo tor_mas_cl k__.se 1 == 1) then 

count - mas_cnt[l] 
else 

count = mas_cnt[0] 
// Generate the phase and duty cycle 

if ( <motor_ctrl == 1 ) AND (count == motor_ctrl_low) ) then 
motor_ctrl =0 

elsif ( (motor_ctrl ==» 0) AND (count == motor__ctrl_high) ) then 

motor_ctrl = 1 
else 

motor_ctrl = motor_ctrl // remain the same 
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13.10.7 Input deglitch 

The input deglitch logic rejects input states of duration less than the configured number of time units 
(deglitch^cnt), input states of greater duration are reflected on the output cpujojnjieglitch The time 
units used (either pclK l^s, 100|is, 1ms) by the deglitch circuit is selected by the deglitch_clkjsrc bus. 

There are 2 possible sets of deglitch jont and deglitch^clkjsrc that can be used to deglitch the input pins 
The values used are selected by the deglitch _sel signal. 

Each input pin can be used to generate an interrupt. The interrupt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt_snc_select signal. 
The counter logic is given by 

if < cpu_io_in != cpu_io_in_delay) then 

cnt * deglitch^cnt 

output_en » 0 
elsif {cnt == 0 ) then 

cnt « cnt 

output_en o 1 
elsif (cnt_en e= 1) then 

cnt -- 

output_en - 0 



cpujojn 



tim_ptilse[0] 
Um_puLse{1J 
tim_pulse[2]' 
\ 



degtftch_clK_sal{0) - 
deglitch_c!k_se^l)- 

degJitch_crrt(0] - 
deglitch_cntp]- 

degiitch_seJ- 




> cp<JLkUn_deglttch 



cpu_k)Jn - 
interrupt src_sel 



gpio_icuJrq 



Figure 45. Input de-glitch RTL diagram 

13.10.8 Frequency Analyser 

The frequency analyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSel) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a counter by a programmed amount (FreqAnaCountlnc) on each clock cycle. When a positive 
edge is detected the FreqAnaLastPeriod register is updated with the top 16 bits of the counter and the 
counter is reset. The frequency analyser also maintains a running average of the FreqAnaLastPeriod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnaLastPeriod, The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnaLastPeriod and FreqAnaAverage registers can be written to by the CPU. 



The pseudocode is given by 

if {(pin == 1) AND pin_delay =*»0 >)then 
fre<Lana_lastperiod = count [31 :16J 
fre<3uana_average = f req^ana.average - f rea_ana_avwr*ge/B + f req_ana_lastperiod/8 



// positive edge detected 
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count = 0 
else 

count = count ♦ freq_ana_count_inc 
// implement the configuration register write 
if (wr_last_en == 1) then 

f req_ana_lastperiod = wr_data 
elsif (wr_average_en o= 1 ) then 

f req_ana_average = wr_data 



opu_tojn_deofitch{13:0l— 7*+[*) 14 T 
cpujo,in[l"3:01 / ► I 



froq_anaL_pin_torm_sel - 
freq_a na_p i n_set{3 : 0 ] - 



pin 

pin defay ^ 



wr_laat_en 
wr_average_an 



fraq_ana_counUnc — 7- 



— 






► 




— ► 








— ► 




— ► 



Analyser Logic 



tS 



freq_ana_last _pertod(15:0] 



froq_ana_average[l5:0] 



32 



Figure 46. Frequency analyser RTL diagram 
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14 Interrupt Controller Unit (ICU) 



The interrupt controller accepts up to N input interrupt sources, determines their priority, arbitrates based 
on the highest priority and generates an interrupt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next arbitrated interrupt if one is pending. 

Each interrupt source has a fixed vector number N, and an associated configuration register, IntRegfNI 
The format of the IntReg[N] register is shown in Table 46 below. 



Table 46. fntReg[N] register format 









rnorrry 


7:0 


Interrupt priority 


Type 


9:8 


Determines the triggering conditions for the interrupt 

00 - Positive edge 

10 * Negative edge 

01 - Positive level 

1 1 - Negative level 


Mask 


10 


Mask bit. 

1 - interrupts from this source are enabled, 
0 - interrupts from this source are disabied. 

Note that there may be additional masks in operation at the source of the * 
interrupt 


Reserved 


31:11 


Reserved. Write as 0. 



— « ^^>v t u me uncrxupi controller determines tne priority and maps the programmed pri- 
ority to the available CPU priority levels, and then issues an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent on CPU choice. 

For example for the LEON CPU there are 1 5 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 map to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0. Level 0 is no interrupt Level 15 is the highest interrupt 
level. r 



14.1 Interrupt preemption 



There are two types of pre-emption possible: standard LEON pre-emption and SoPEC pending pre-emp- 
tion. With standard LEON pre-emption an interrupt can only be pre-empted by an interrupt with a higher 
priority level. If an interrupt with the same priority level (1 to 15) as the interrupt being serviced becomes 
pending then it is not acknowledged until the current service routine has completed. The SoPEC pending 
pre-emption is an extension of the standard LEON scheme which is made possible by the programmable 
priority levels in the IntRegfNJ register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending. If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed. 

Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. * 
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All interrupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an interrupt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 

1 4.2 Interrupt sources 

The mapping of interrupt sources to interrupt vectors (and therefore IntRegfN] registers) is shown in 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrupt 
sources. 



Table 47. Interrupt sources vector table 





mmmmsimmmmmiMSBmi 


0 


Timers 


Watch Dog Timer Update request 


1 


Timers 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 interrupt 


3 


Timers 


Generic Timer 3 Interrupt 


4-17 


GPIO 


GPIO generaJ Interrupt, source pin 0 -13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB interrupt 


20 


SCB 


ISI interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS interrupt, LSS interface 0 interrupt request 


23 


LSS 


LSS interrupt, LSS interface 1 interrupt request 


24 


PCU 


PEP Sub-system interrupt- CDU finished band 


25 


PCU 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system Interrupt- LBD finished band 


27 


PCU 


PEP Sub-system Interrupt- TE finished band 


28 


PCU 


PEP Sub-system Interrupt- PCU finished band 


29 


PCU 


PEP Sub-system interrupt- PCU Invalid address interrupt 


30 


PCU 


PEP Sub-system Interrupt- PHI Buffer underrun 


31 


PCU 


PEP Sub-system Interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Interrupt- PHI Line Sync Interrupt 
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1 4.3 Implementation 

14.3.1 Definitions of I/O 



Table 48. Interrupt Controller Unit I/O definition 









Clocks and Resets 


pcfk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_adr{7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor the ICU block 


cpu_dataout(3l:0] 


32 


In 


Shared write data bus from the CPU 


fcu_cpu_data[31 .-0] 


32 


Out 


Read data bus to the CPU 


cpu__rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_icu_sel 


1 


In 


Block select from the CPU. When cpujcu^se! is high both 
cpu_adrand cpu_dataout are valid 


icu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When icu„cpu_rdy\s high it indi- j 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the ICU block 
and for a read cycle this means the data on icu cpu data Is 
valid. 


icu_cpuJJevel[3:0) 


4 


Out 


Indicates the priority level of the current active interrupt 


cpu_iack 


1 


Out 


Interrupt request acknowledge from the LEON core. 


cpujcu_ilevet[3:0] 


4 


In 


Interrupt acknowledged level from the LEON core 


icu_cpu_berr 


1 


Out 


Bus error signaJ to the CPU indicating an invalid access. 


cpu_acode(1 :0] 


2 


In 


CPU Access Code signals. These decode as foflows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


kxi_cpu_debug_va!id 




Out 


Debug Data valid on icu_cpu_data bus. Active high 


Interrupts 


tim_icu_wdjrq 




In 


Watchdog timer interrupt signal from the Timers btock 


timjcujrq{2:0] 




In 


Generic timer interrupt signals from the Timers block 


gpio_icu_irq{1 3:0] 


14 


In 


GPIO pin interrupts 


mmu_icu_irq 




In 


Memory Management Unit interrupt 


usb_»cujrq 




In 


USB interrupt from the SCB 


isi_icu_irq 




In 


ISI interrupt from the SCB j 


dma_icu_irq 




In 


DMA interrupt from the SCB 


lss_icuJrq[1:0J 




In 


LSS interface interrupt request j 


cdu_finishedband 




In 


Finished band interrupt request from the CDU 


cdujcujpegerror 




In 


JPEG error interrupt from the CDU j 


lbd_finishedband j 




In 


Finished band interrupt request from the LBD 


te_finishedband 




In 


Rnished band interrupt request from the TE 


pcu_finfshedband 




In 


Finished band Interrupt request from the PCU 


pcujcu_address_invaltd 




In 


Invalid address interrupt request from the PCU 
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Table 48. Interrupt Controller Unit I/O definition 







a 






pW_fcu_urxierrun 


1 


In 


Buffer underrun interrupt request from the PHI 


prtijcu_page_finish 


1 


In 


Page finished interrupt request from the PHI 


phi_teu _prinl_rdy 


1 


In 


Print ready Interrupt request from the PHI 


phijcujinesyncjnt 


1 


In 


Line sync interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu_pcu_data. Table 49 lists the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpu_acode[l:0] = 
SUPER VISORJDATA). All other accesses will result in icu_cpujberr being asserted 



Table 49. ICU Register Map 



mm 


2§§||| 








0x00 - 0x84 


Intftegl33:0j 


34x11 


0x000 


Interrupt vector configuration register 


0x88-0x8C 


lntC1ear{1:0l 


2x32 


0x0000 
_0000 


Interrupt pending ctear register If written with a one 
it clears corresponding interrupt 
lntClear(0) - Interrupts sources 31 to 0 
lntClear[1] - Interrupts source 33 to 32 


0x90-0x94 


lntPending[1:0] 


2x32 


0x0000 
_0000 


Interrupt pending register. (Read Only) 
IntPendingfO] - Interrupts sources 31 to 0 
lntPending{1 ] - Interrupts source 33 to 32 


0x98 


IntSource 


6 


0x00 


Indicates the interrupt source of the current winning 
active interrupt. (Read Only) 


0x9C 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the icu__cpu„data bus when it 
is not otherwise being used. 
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14.3.3 ICU partition 

tknjcu_wdjrq — 
tim_lcujrq[2:0] — * 
' ? 3:0]— ft 



gpio_teuJrq[l3:( 
mrmj Jcujrq 
usb Jcujrq - 
IsUcuJrq - 
dma Jcujrq - 
lssjcujrq[1:0| - 
cdujinishedbana - 
odujcujpegerror - 
Ibd.finishedband - 
te.finishedband - 
pcu Jirrishedband - 
pcu_fcu_eddres3_invalid - 
phLteu_pago_flnish - 
phi_lcu_print_ftfy - 
phUcu_underrun - 
pWJcuJlnesync_lnt - 



fry™ p p 



x34 



Interrupt 
detect 



1 



34x12 



Int active * 



V'34 



cpujrrt_ctear 



tnt src q y 
X 



Configuration 
registers 



. 4 


i 4 




7 




32 




! 




! 


ca 






cpu. 





0 



8 



CPU 



Interrupt 



± ± 



Interrupt 
controller 



4 A 

/a 



Figure 47. ICU partition 



14.3.4 Interrupt detect 

The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the interrupt source signal, and determines whether it should generate request pend- 
ing {int^pend) based on the configured interrupt type and the interrupt source conditions, if the interrupt is 
not masked the interrupt will be reflected to the interrupt arbiter via the intjictive signal. Once an interrupt 
is pending it remains pending until the interrupt is accepted by the CPU or it is level sensitive and gets 
removed Masking a pending interrupt has the effect of removing the interrupt from arbitration but the 
interrupt will still remain pending. 

When the CPU accepts the interrupt (using the normal ISR mechanism), the interrupt controller automati- 
cally generates an interrupt clear for that interrupt source (cpujnt_clear). Alternatively if the interrupt is 
masked, the CPU can determine pending interrupts by polling the IntPending registers. Any active pending 
interrupts can be cleared by the CPU without using an ISR via the IntClear registers. 
The logic is shown below: 

mask = int_conf ig(10] 

type = int_conf ig[9 :8] 

int_priority = int_conf ig(7 : 0] 

int_pend = last_int_pend // the last pending interrupt 

// update the pending FF * 
if (<int_clear « 1 )OR (cpu_int_clearc=l ) ) then 

int_pend * 0 
// test for interrupt condition 

if ((type =* NEG_ LEVEL ) AND (int.src == 0) then 
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int_pend = 1 
elsif ( (type POS_LEVEL) 

int_pend = 1 
elsif ({type »=» NEG_EDGE ) 

int_pend = 1 
elsif ( (type s« POS_EDGE ) 

int_pend « 1 
else 

int^pend = last_int_src 
// mask Che pending bit 
if {mask o= lj then 

int_active = int_pend 
else 

int_active = 0 
// assign the registers 
last_int_src = int_src 
last_int_pend ~ int_pend 

14.3.5 Interrupt arbiter 

The interrupt arbiter logic arbitrates a winning interrupt request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu_cpu_i level to a non-zero value. The 
priority of the interrupt is reflected by the value assigned to icujcpujtlevel, the higher the value the higher 
the priority, 15 being the highest. The current winning interrupt and is reported to the CPU via the IntSrc 
register generated in the interrupt arbiter block. 
// arbitrate based on priority 
if (arb_ enable == 1 ) then 

// arbitrate with the current winner 

win_int_priority = 0 

int_src = 0 

int_re<juest = 0 v 

for (i*0; i<34;i++) { 

if ( int_active(i) « 1) then { 

if ( int_priority ( i] > win_int_priority ) then 
win_int_priority = int__priority ( i] 
int_src = i 

int_request = 1 

> 

> 

) • 

// assign the CPU interrupt level 
int_ilevel = int_priority ( int_src] [7 :4} 
> 



AND (int_src == 1) 

AND (int_src == 1) AND (last_int_src « 0)) 
AND (int_src == 0) AND (last_int_src — 1)) 

// stay the same as before 



1 4.3.6 Interrupt controller 



The interrupt controller is responsible for generating the interrupt to the CPU, accepting the interrupt 
acknowledge from the CPU and clearing the interrupt source pending bit. 
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Reset 



arb_©naWe = 1 



im rwuest=Q 



The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1.9 
on page 98 for a complete description of the interrupt handling procedure. 
resgt=Q 

i 

Machine remains in same state by default 
Ad outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: interrupt pending, waiting for CPU acknowledge 

IntClear: Interrupt dear, clear the pending bit for the 
current interrupt vector 



c 



im requests 



IntPend 



^ icu_cpu_l!evel =irrt_Uevel 
) arb_enablo = \ 



cpu facK=1 AND 

CPU fcti Heve^teu cpu jtayftj 



/ IntClear ^ <* uJ 

V y art>_e 



jnt_de£Utlnt_src)=1 



.enable = 0 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending (int_request equal 1 ). The state machine goes to the IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state until the interrupt is 
acknowledged by the CPU or the pending interrupt condition is removed. 

When the interrupt is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
the interrupt source. 

On completion the state machine returns to the Reset state and again waits for the next pending interrupt. 
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15 Timers Block (TIM) 

The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 

15.1 Watchdog timer 

The watchdog timer is a 32 bit counter value which counts down each time a timing pulse is received. The 
period of the timing pulse is selected by the WatchDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach l f a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog timer can be polled by the CPU and reset each time it gets close to 1 , or alternatively a 
threshold (WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interrupt can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTimer register. 

1 5.2 Timing pulse generator 

The timing block contains a timing pulse generator clocked by the system clock, used to generate timing 
pulses of lus, lOOjis and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the FreeRunCount register. 

15.3 Generic timers 

SoPEC contains 3 programmable generic timing counters, for use by the CPU to time the system. The tim- 
ers are programmed to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-programmed by the CPU. At any time the status of the counter can be 
read from GenCntValue, or can be reset by writing to GenCntValue register. The auto-restart is activated 
by setting the GenCntAuto register, when activated the counter restarts at GenCntStart Value. A counter 
can be stopped or started at any time, without affecting the contents of the GenCntValue register, by writ- 
ing a 1 or 0 to the rel event GenCntEnable register. 
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15.4 Implementation 

15.4.1 Definitions of I/O 



Table 50. Timers block I/O definition 





Kill 






Clocks and Resets 


pcfk 


1 


In 


System Clock 


prst.n 


1 


In 


System reset, synchronous active low 


tim_pulse[2:0] 


3 


Out 


Timers block generated timing pulses, each one pclk wide 
0- 1fis pulse 
1 - 100 \xs pulse 
2- 10ms pulse 


CPU Interface 


cpu_adj{6:2) 


5 


In 


CPU address bus. Only 5 bits are required to decode the 
address space for the ICU block 


cpu_dataout[3l:0] 


32 


In 


Shared write data bus from the CPU 


tim_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_tim_sel 


1 


In 


Block select from the CPU. When cpu_tim_$el\s high both 
cpu_adrand cpu_dataout are valid 


tim_cpu_rdy 


1 


Out 


Ready signal to the CPU. When tim_cpu_rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the TIM block 
and for a read cycle this means the data on tim_cpu data is 
valid. 


tim_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[l:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


lim_cpu_debug_valid 


1 


Out 


Debug Data valid on tim_ppujdata bus. Active high 


Miscellaneous 


timjcu_wdjrq 


1 


Out 


Watchdog timer interrupt signal to the ICU block 


tim_icu_irq[2:0] 


3 


Out 


Generic timer interrupt signals to the ICU block 


tim_cpr_reset_n 


1 


Out 


Watch dog timer system reset. 
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1 5.4.2 Timers sub-block partition 



CPU 





cpu_tim„sel 


7^+ 




cpu_dataout 


► 




tim_cpu_rdy 






tim_cpu_data 




4- 


cpu_rwn 


» 




cpu a cod a 






tim_cpu_berr 




4- 
4- 


tim cpu debuq valid 



^)utse_timer_statU3 



free, 
Tee. 



2 
c 

.2 
S 



,run_cnt 



2_ 



ee_run„data 



free_run_wen 



free am_adr 



Timing pulse 
generator 



wdoy unit set 



wdog_m 



wdoatfm data 



wdog tfm cnt 



oen ttm en 



yen tim auto 



cen unit set 



Qffn wen 



flen_tim_data 



Qen_tiro_cnt 



-2- 



_3_ 



2- 



i 



gen_tiro^cnt_st_value H 



-> tim_pu!se(2:0] 



*■ 



Watchdog 
timer 



tim_icu_wdjrq 
tim_cpf_reset_n 



Generic 
timers 



> timjcu_irql2:0] 



Figure 49. Timers sub-block partition diagram 



1 5.4.3 Watchdog timer 

The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold (wdog_tim_thres) value an interrupt is 
generated (timjcu_wd_irq) requesting the CPU to update the counter Setting the counter to zero disables 
the watchdog reset. In supervisor mode the watchdog counter can be written to or read from at any time, in 
user mode access is denied. Any accesses in user mode will generate a bus error. 

wdog_uniUs«l- 

tim_putse[0] 
tim _putse(1) 
tlm_pulse[2) 
1 



wdog_wen 
wdog_tim_data 




•► tim_taJ_wd_irq 
■► tJm_cpr_rosot_n 
■► wdog_tim_cnt 



Figure 50. Watchdog timer RTL. diagram 



The counter logic is given by 

if (wdog_wen == 1) then 

wdog_tinucnt * wdog_t im_data // load new data 
els if ( wdog_t indent == 0) then 

wdog_t indent ■ wdog_t indent // count disabled 
els if ( cnt_en == 1 ) .then 
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wdog_tim_cnt — 
else 

wdog_tim_cnt = wdog_tin__cnt 

The timer decode logic is 

if (( wdog_tin_cnt == wdog_tin_thres) AND <wdog_tin\_cnt != 0 ) ) then 

tin_icu_wd_irq = 1 
else 

tin_icu_wdLirq » 0 
// reset generator logic 
if (wdog_tim_cnt == 1) then 

t in\_cpr_reset_n = 0 
else 

tir__cpr_reset_n = 1 



1 5.4.4 Generic timers 




The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and counts down once per selected timing pulse (gen_unit_seO- The timer can be enabled or 
disabled at any time (genjtim_en\ when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (genjtim_auto) after it hits zero. In supervisor mode a timer can be written to or 
read from at any time, in user mode access is determined by the GenCntUserModeEnabie register settings. 
gen_urut_sel- 

tfm_puJ$e{o] 
tJm_pufse[1] 
tim_pulse[2] 
1 

ge n_tj m_cnt_st_va I ue 
gen_wen 

gen_tim_data 7— *| Logic , , ^ UeCOOe |- »> tim_icujrq 

gen_tim_en 
gen_tim_auto , , 

' gen_tim_cn1 

Figure 51. Generic timer RTL diagram 

The counter logic is given by 

if (gen_wen ■» 1) then 

'gen_tim_cnt = gen_t im_data 
elsif (( cnt.en == 1 ) AND <gen_ti-_en == 1 ) ) then 

if ( gen_tim_cnt == 0) then // counter may need re-starting 
if (gen_tin\_auto « 1) then 

gen_tim_cnt = gen_t im_cnt_s t_value 
else 

gen_tim_cnt = gen_tim_cnt 

else 

g en_ t im_cn t-- 

else 

gen_tim_cnt = gen_tim_.cn t 

The decode logic is 

if (gen_tim_cnt == 1) then 

tim_icu_irq = 1 
else 

tim_icu_irq = 0 
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15.4.5 Timing pulse generator 

The timing pulse generator contains a general free running 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of lus, lOOjis and 1ms. In supervisor mode the 
free running timer register can be written to or read from at any time, in user mode access is denied The 
status of each of the lus, 100(45 and 1ms timer can be read by accessing the TimerPulseStatus registers. 
Any accesses in user mode will result in a bus error. The status of each of the Ijis, lOOjis and 1ms timer 
can be read by accessing the TimerPulseStatus register in supervisor mode. 



Free Run Timer 



fiee_fun_wen - 



free_run_adr 







4— 








increment 
Logic 












64 




i 








► 
















> 





freo_run_cnt 



1us Timer 



Decrement 
Logic 1 us 



100us Timsr 



pu)$e_1us 



Decrement 
Logic 1 0Ous 



pufse.lOOua • 



10ms Timr 



Decrement 
Logic 10ms 



Compare 



pub»^iu» » t| mj)ulse[0] 



> Compare 



puise_10Ous 

► tlm _pulse[1] 



Compare 



' ti/n _pu!se[2) 



pulse_tim©r_status 



tim_puise[2:0}- 
Figure 52. Pulse generator RTL diagram 



15.4.5.1 Free Run Timer 



The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register [FreeRunCount) is written 
to, the configuration registers block will set the Jree_run_wen high for a clock cycle and the value on 
free_runjdata will become the new count value, for the 32 bits selected by the free_run_adr signal. If 
free_run_adr is l the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 

if { f ree_run_wen == 1) then 
if ( f ree_run_adr «= 1) then 

free_run_cnt(63 -.32] = f ree_run_data 
else 

free_run_cnt[31 :0J « f reo.run_data 

else 
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free_run_cnt 

15.4.5.2 Pulse Timers 

The pulse timer logic generates timing pulses of 1 clock cycle length and period of lus, lOOus and 1ms. 

The logic for the 1 us timer is given by: 

// lus generator 

if (pulse_lus_cnt «=- 0 ) then 

pulse_lus_cnt =159 

pulse_lus = l 

else 

pulse_lus_cnt — 
pulse_lus = 0 

The logic for lOOus timer is given by: 

// lOOus generator 

if (<pulse_100us_cnt 0 ) AND (pulse_lus 1)) then 

pulse_100us_cnt = 99 

pulse_100us = l 

elsif (pulse_lus == 1) then 

pulse_100us_cnt — 

pulse_100us = 0 

else 

pulso_100us_cnt — 
pulse_100us = o 

The logic for the 10ms timer is given by: 
// 10ms generator 

if ( <pulse_10ms_cnt == 0 ) AND <pulse_100us »= 1)) then 

pulse__lOms_cnt = 99 

pulse_10ms » 1 

elsif (pulse_100us == 1) then 

pulse_10ms_cnt 

pulse_10ms s 0 

else 

pulse_10ms_cnt — 
pulae_10ms = 0 

15.4.6 Configuration registers 

The configuration registers in the TIM are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70. for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM. 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of tim _pcujdata. Table 51 lists the configuration registers in the TIM block . 



Table 51. Timers Register Map 











0x00 


WatchDogUnrtSel 


3 


0x0 


Specifies the units used tor the watchdog 
timer: 

0 - 1 jis pulse 

1 - 100 us pulse 

2 - 10 ms pulse 
3-pdk 


0x04 


WatchDogTlmer 


32 


OxFFFF 
_FFFF 


Specifies the number of units to count before 
watchdog timer triggers. 


0x08 


WatchDoglntThres 


32 


0x0000 
JX)00 


Specifies the threshold value below which the 
watchdog timer Issues an interrupt 


0xOC-Ox1O 


FreeRunCountf 1 .*0] 


2x32 


0x0000 
_0000 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31 -0 
Bus 1 - Access to bits 63-32 


0x14 to 0x1 C 


GenCntStartValue[2:0] 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 
units to count before event 


0x20 to 0x28 


GenCntVafue{2:0] 


3x32 


0x0000 
_0000 


Direct access to generic timer counter regis- 
ters 


0x2C to 0x34 


GenCntUnitSell2:0] 


3x2 


0x0 


Generic counter unit select. Selects the timing 
units used with corresponding counter: 
0-1 fxs pulse 

1 - 1 00 us pulse 

2 - 10 ms pulse 
2-pdk 


0x38 to 0x40 


GenCntAuto[2:0J 


3x1 


0x0 


Generic counter auto re-start select. When 
high timer automatically restarts, otherwise 
timer stops. 


0x44 to 0x4C 


GenCntEnable[2:0] 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 - Counter enabled 


0x50 


GenCntUserModeEnable 


3 


0x0 


User Mode Access enable to generic timer 
configuration register When 1 user access is 
enabled. 

Bit 0 - Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 - Generic timer 2 


0x54 


DebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim_cpu_data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PulseTimerStatus 


24 


0x00 


Current pulse timer values, and pulses 

6:0 - 1 us timer count 

7 - 1 us pulse 

14:8 - 100us timer count 

15 - 100us pulse 

22:16- 10ms timer count 

23 - 10 ms pulse 
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15.4.6. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim_cpu_berr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUserModeEnable register. This can only be changed in supervisor data mode. If a partic- 
ular traier is granted user data access then all registers for configuring that timer will be accessible. For 

e ^ am ?i e , i L tmer ° 1S 8131116(1 ^ access GenCntStartValuefOJ, GenCntUnitSelfOL GenCn- 
UuiofOJ, GenCntEnablefOJ and GenCntValu e [0] registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 
Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reit- 
tsters are accessable. All forbidden accesses will result in a bus error (tim_cpujberr asserted). 

Table 52. TIM supervisor and user access modes 



MSN 






OxOO 


Watch DogUnitSel 


Supervisor data mode only 


0x04 


Watch DogTimer 


Supervisor data mode only 


0x08 


Watch Dog I ntThres 


Supervisor data mode only 


0x000x10 


FreeRunCount 


Supervisor data mode onry 


0x14 


GenCntStartVafue[0] 


GenCntUserModeEnaWe[0] 


0x18 


GenCntStartValue[1] 


GenCntUserModeEnable[1 ] 


0x1 C 


GenCntStartVaiue[2] 


GenCntUserModeEnable[2] 


0x20 


GenCntValue[0] 


GenCntUserModeEnable[0] 


0x24 


GenCntVa!ue[l] 


GenCntUserModeEnaWe[1] 


0x28 


GenCntVaiue[2] 


GenCntUserModeEnaWe(2] 


0x2C 


GenCntUnitSet[0] 


GenCntUserModeEnable[OJ 


0x30 


GenCntUnrtSerp] 


GenCntUserModeEnaWe[1 J 


0x34 


GenCntUnrtSel(2J 


GenCntUserModeEnable[2] 


0x38 


GenCntAutofO] 


GenCntUserModeEnablefO] 


0x3C 


GenCntAutop] 


GenCntUserModeEnable(1 ] 


0x40 


GenCntAuto[2] 


GenCntUserModeEnable[2] 


0x44 


GenCntEnabIe[0J 


GenCntUserModeEnable(O) 


0x48 


GenCntEnabie[1] j 


GenCntUserModeEnabte[1 ] 


0x4C 


GenCntEnabfe[2) 


GenCntUserModeEnabte{2] 


0x50 


GenCntUserModeEnable 


Supervisor data mode onry 


0x54 


DebugSelect 


Supervisor data mode only 


0x58 


PulseTlmerStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

16.1 POWERDOWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
ered down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 

For the purpose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine Pipeline Subsystem 
(Section 0) 


CDU 


r*ci i 
UpU 


LBD 


SRJ 


TE 


TFU 


HCU 


DNC 


DWU 


LLU 


PHI 


CPU-DRAM (Section 1) 


DRAM 


CPU/MMU 


DIU 


TIM 


ROM 


LSS Interface 


Comms Subsystem (Section 2) 


USB 


IS) 


DMA Ctrl 


GPIO 


PSS 


ICU 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the SleepModeEnable register. 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by the CPU. 

If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode until a system level 
reset is initiated from the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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USB or ISI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit posihon requiring a reset The ResetSection register is self-reseting. 



16.2 Reset source 



The SoPEC device can be reset by a number of sources. When a reset from an internal source is inriated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required. 



16.3 Clock relationship 



The crystal oscillator excites a 32MHz crystal through the xtalin and xtalout pins. The 3 2 MHz output is 
^ PLL t0 dCrive maSter VCO fre 1 uenc y of 960MHz. The master clock is then divided to pro- 

duce 320MHz clock (clk320), 160MHz clock (clk!60), 106MHz clock {clklOS) and 48MHz (clk48) clock 
sources. v ' 



!?*™* p ° f each dock from PLL wil1 be defined - ™* relationship of interna! clocks 
clk320 cIU06, clk48 and clkl60 to xtalin will be undefined The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the output of the 
clock block, the skew between each pclk domain (pclk_sectionf3:OJ and jclk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-type flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 
domains. ^ 

The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered asynchronous. 
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There is no skew requirement between the pclk domains and the doclk and phiclk domains, they are con- 
sidered essentially asynchronous to each other. 

1.04ns 

dk320 



dodk 




dk160 



pclk 
jdk 



dk106 



phrdk 



w \ c*320 PU. phasa shin 



LruTJTJ\JTJTJTJi_rL_rLn 

~LJ — LJ — l_J — 1_ 



, ^ H docfk insertion delay 

J 



dkl 60 PLL phase shift 



J 



1 ptfk/jcJk insertion delay 



I 



-V elk 106 PLL phasa shift 



1 



{4 H phiclk insertion delay 

Figure 53. SoPEC clock relationship 
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1 6.4 Implementation 
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16.4.1 Definitions of I/O 



Table 54. CPR I/O definition 





mm 




Clocks and Resets 


xtalin 


1 


In 


Crystal input, direct from IO pin. 


xtalout 


1 


Out 


Crystal output, direct to IO pin. 


pdk_section[2:0] 




Out 


System clocks for each section 


phidk' 




Out 


Printhead interface clock (doclk/3) for the PHI block 


doclk 




Out 


Data out dock (2x pdk) for the PHI block 


folk 




Out 


Gated version of system dock used to clock the JPEG decoder 
core in the COU 


usbdk 




Out 


USB dock at 3 times the crystal input frequency, nominally at 48 
Mhz 


Jdk_enable 




In 


Gating signal forjdk. 


reset_n 




In 


Reset signal from the r&set_n pin 


usb_cpr_reset_n 




In 


Reset signal from the USB block 


isLcpr_reset_n 




In 


Reset signal from the ISI block 


tim_cpr_reset_n 




In 


Reset signal from watch dog timer. 


prst_n_section[2:0] 




Out 


System resets for each section, synchronous active low 


phirst_n 




Out 


Reset for PHI block, synchronous to phiclk 


dorst_n 




Out 


Reset for PHI block, synchronous to doctk 






Out 


Reset for JPEG decoder core in CDU block, synchronous to jctk 


usbrst_n 




Out 


Reset for the USB block, synchronous to usbdk 


Test Input 


test_dk 




In ; 


Test clock direct from external pin, for use in production test (scan 
test) 


test_enable 




In 


Test enable. Direct from external pin. When high production test 
mode Is enabled. 


CPU Interface 


cpu_adr[3:2] 


2 


In 


CPU address bus. Only 2 bits are required to decode the address 
space for the CPR block 


cpu_dataout[31 :0J 


32 


In 


Shared write data bus from the CPU 


cpr_cpu_data(31 .-0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU. 


cpu_cpr_sel 


1 


In 


Block select from the CPU. When cpu_cpr_sel is high both 
cpu_adr and cpu^dataout are valid 


cpr_cpu_rdy 


1 


Out 


Ready signal to the CPU. When cpr_cpu_rtfyi$ high it indicates 
the last cyde of the access. For a write cyde this means 
cpu_dataout has been registered by the block and for a read cyde 
this means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[1 :0J 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cp r_cpu_de bug_val id 


1 


Out 


Debug Data valid on cpr_cpu_data bus. Active high 
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Table 54. CPR I/O definition 







Miscellaneous 


pwr_sleep_mode[2:0} 


3 Out Steep mode section select 



16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 11.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr_pcu_data. Table 55 lists the configuration registers in the CPR block 

The CPR block will only allow supervisor data mode accesses (i.e. cpu_acode[l:0] = 
SUPER VISOR J)ATA ). All other accesses will result in cpr^cpujberr being asserted . 



Table 55. CPR Register Map 









0x00 


Sleep Mode Enable 


3 


0x0 


Sleep Mode enable, when high a section of logic 
has is powerdown. Each bit controls a section 


0x04 


ResetSrc 


4 


0x0 a 


Reset Source register, Indicating the source of 

the last reset 

Bit 0 - External Reset 

Bit 1 - USB wakeup reset 

Bit 2 - iSI wakeup reset 

Bit 3 - Watchdog timer reset 


0x08 


ResetSection 


3 


0x7 


Active-low synchronous reset for each section, 
self-resetting. 


OxOC 


DebugSelect 


6 


0x00 


Debug address select. Indicates the address of 
the register to report on the cpr_cpu_date bus 
when it is not otherwise being used. 


PLL Control (Asynchronous reset registers) 


0x10 


PLLTuneBits 


10 


0x23 B 


PLL tuning bits 


0x14 


PLLRangeA 


4 


OxF 


PLLOUT A frequency selector (defaults to 
600Mhzto1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PLLOUT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMultiplier 


5 


0x25 


PLL multiplier selector, defaults to refcikx 20 



a. Reset value depends on reset source. External reset shown. 
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53 



1 6.4.3 CPR Sub-block partition 



tesCenaJbto- 
tast_clk- 



xtatin • 
xtaJout • 
test_enabJe - 



Clock Generator 



Crystal 
Oscillator 



PLL 



ri 



Jcfk_enable 



pwr_sieep_mode4- 



reset_n . 
usb_cpr_reset_n - 
lsLcpr_reset_n - 
tim_cpr_reseCn - 



Gate Enable 
Logic 



/ 3 



test_enaWe - 



Reset 
Logic 



I 3 

i 

8 

CO 



Configuration registers 



32 



i 



32 



s 



CPU 



dklOg 



dk320 



dk48 



clk160 



7 y gato.dom 




> {—►^— ► pdk.sectIon[2] 



dod* — » 
reset_dom(0} 


Reset 
Sync 


phtelh ► 

reset_dom{1] ^ 


Reset 
Sync 


usbclk ► 

reset_dom[2) 


Reset 
Sync 


pclk_sectior<0} ► 

resel_dom(3] 


Reset 
Sync 


pcft_sectk>n( 1 ) ► 
reset_dom[4] 


Reset 
Sync 


pcJk_sectlon(2l »> 

reset domfSl ^ 


Reset 
Sync 


Jcfk ► 

reset_dom(6] ^ 


Reset 
Sync 




ection(2) 



Clock driver 



Figure 54. CPR block partition 
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16.4.4 Sync reset 

The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 

Pdk | L 
reset_dom 



prst_n 



reset_dom 



synchronizer 



t>r» 

T 



prst_n 



Figure 55. Reset synchronizer logic 



16.4.5 Reset generator logic 

The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values (reset_section_n), the external reset (reset_n) y watchdog timer reset (tim_cpr_reset_n) and 
resets from the SCB block (isi_cpr_reset_n t usbjopr_reset_n). The reset direct from the 10 pin (reset_n) is 
synchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset everything except its own section (section 2), this allows data to be stored 
in the PSS block for use after a SCB powerup initiated reset. 

Table 56. Reset domains 



reset_dom[0] 


doclk domain 


reset_dom{1] 


phidk domain 


reset_dom[2] 


usbctk domain 


reset_dom[3] 


Section 0 pdk domain 


reset_dom[4] 


Section 1 pdk domain 


reset_dom[5] 


Section 2 pdk domain 


reset_dom{6] 


jdk domain 



The logic is given by 

if (reset_n == 0) then 
resec_dom[ 6 : 0] = 0x00 
reaet.src [3 : 0] = 0x01 

elsif (usb^cpr_reset__n == 0) 
reset_dom(6 : 0] = 0x20 
reset_src [3 : 0J * 0x02 

elsif ( isi_cpr_reset_n 0) 
reset_domf 6 : 0] = 0x20 
reset_src[3:0] * 0x04 

elsif ( tim_cpr_reset_ n 0) 
reset_doiriC6 :0] = 0x00 
reset_src[3 : 0] = 0x08 



// reset everything . 
then 

// all except comms domain 
then 

// all except comms domain 
then 

// reset everything 
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else 

// propagate resets from reset section register 

reset_domI5:0J » 0x3 F 

if (reset_section_n[0] == 0) then 

reset_dom[3] = 0 
if (reset_section_n[l] == 0) then 

reset_dom(4] « 0 
if (reset_section_n[2] == 0) then 

reset_dom(5] = 0 



16.4.6 Gate enable logic 

The gate enable logic is a combinational logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable (gate_domain) is generated based on the configured sleep mode en and 
the internally generated jclk_enable signal. 

The logic is given by 

// clock gating for sleep modes 
gate_dom[5:3) « 0x7 // default to on 
for (i=0 ;i < 3 ; i + + ) { 

if <sleep_mode_en[iJ == lj chen 
gate_dom(i+3 J » 0 
pwr_sleep_mode f i J == 1 

) 

// jclk and remaining 
gate_dom[2 : 0) * 0x7 
gate_dom{6] = -( jclk_enable) 



16.4.7 Clock gate logic 

The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated. 



src.dk | 
gate_dom 
gate_dom_retimed' 



gate_clock J~ 



n r 



gate_dom- 



src_clk- 



gate_dom_retimed 



►gate_clock 



Figure 56. Clock gate logic diagram 
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1 6.4.8 Clock generator Logic 



The clock generator block contains the PLL, crystal oscillator, clock dividers and associated control and 
test logic. The PLL VCO frequency is at 960Mhz locked to a 32 Mhz refclk generated by the crystal oscil- 
lator. In test mode the xtalin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 



test_enable- 




refdk 



pll_range_a 
pU__range_b 
pILmultplier 
pILtune 



pr$t_n 




clk48 



Figure 57, PLL and Clock divider logic 



16.4.8.1 Clock divider A 

The clock divider A block generate the 32(^*12, l60Mhz and !06Mhz clocks from the input 320Mhz 
clock (pll_outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst_n sig- 
nal. The divders are enabled only when the PLL has acquired lock as indicated by the plljock signal. 

16.4.8.2 Clock divider B 

The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (pll_outa) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst_n signal. The divders are enabled- only 
when the PLL has acquired lock as indicated by the plljock signal. 
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17 ROM Block 



17.1 Overview 

The ROM block interfaces to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unarbitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM's 300mm ECID macro is to be used to implement the ChipID and this offers 1 12-bits of laser fuses. 
The exact number of fuse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipIDfN) registers which are readable by the CPU in supervi- 
sor mode only. 



17.2 Boot operation 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to be freshly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-1 hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stored in the PSS by the 
CPU prior to entering sleep mode. The SHA-1 value stored in the PSS is calculated by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-1 digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

if <ResetSrc == 1) then // Reset was a power-on reset 

conf igure_sopec // need to configure peris (USB, ISI, DMA, ICU etc.) 
// Otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE: wait until IrqSemaphore i= 0 // i.e. wait until an interrupt has been serviced 
if (IrqSemaphore == DMAChanOMsg) then 

parse_msg(DMAChanOMsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming the DMAChannell registers 
elsif (IrqSemaphore == DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal (ProgramLocn, ProgramSize) 

if (ResetSrc == 1) then 

ExpectedHash = sig_decrypt ( Programs ig) 

else 

ExpectedHash = PSSHash 
if (ExpectedHash = = CalculatedHash) then 

jmp(PrgramLocn) // transfer control to the downloaded program 
else ... 

send_host__msg ( "Program Authentication Failed') 
goto PAUSE: 

elsif (IrqSemaphore == timeout) then // nothing has happened 
if (ResetSrc •« 1 ) then 
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sleep_mode() // put SoPEC into sleep mode to be woken up by USB/ISI activity 
else //we were woken up but nothing happened 
reset_sopec (PowerOnReset) 

else 

goto PAUSE 

The boot code places no restrictions on the activity of any programs downloaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it are from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIId (see section 
12.7 for a description of the ISIId) in a multi -SoPEC system. See the "SoPEC Security Overview M docu- 
ment [9] for more details of the SoPEC security features. 

17.3 Implementation 

1 7.3.1 Definitions of I/O 



Table 57. ROM Block I/O 




Clocks and Resets 



prst_n 


1 


In 


Global reset. Synchronous to pclk, active low. 


pdk 


1 


In 


Global clock 


CPU Interface 


cpu_adrp5:2] 


14 


In 


CPU address bus. Only 1 4 bits are required to decode the address 
space for this block. 


rom_cpu_data[31 :0) 


32 


Out 


Read data bus to the CPU 


cpu^rwn 


1 


In 


Common read/not- write signal from the CPU 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 * Supervisor data access 


cpu_rom_sel 


1 


In 


Block select from the CPU. When cpu_rom_set is high cpu_adr \s 
valid 


rom_cpu_rdy 


1 


Out 


Ready signal to the CPU. When rvm_cpu_trfy is high it indicates 
the last cycle of the access. For a read cycle this means the data on 
rvm_cpu_data is valid. 


rom_cpu_berr 


1 


Out 


ROM bus error signal to the CPU indicating an invalid access. 



17.3.2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpu_acodefI:OJ = 11). All other accesses of the FuseChipID registers will result in 
rom_cpuJberr being asserted. The ROM block allows all read accesses to the ROM itself (i.e supervisor or 
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| user, data or program accesses). The CPU subsystem bus slave interface is described in more detail i; 

tion 9.4.3. 



Table 58. ROM BJock Register Map 







m 




0x8000 to 
0x8004 


FuseChiplD[N] 


32 


n/a 


Value of corresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 

IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used unless some implementation issue 
requires the high performance version. Both versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for the ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1 .4.3. 



ROM Macro 
4096 x 32 



IBM 300mm ECID macro 



i 
i 
i 

Fuseooi 



£Z>- 



i, 

H 

FUSC111 



rom_adr 



rom_data 



fuse_data 



fuse_reg_adr 



CPU Bus 
Interface 



4- 


— ^ 












4- 


► 




► 



cpu_adr 

rom_cpu_data 

cpu_rom_sel 

cpu_rwn 

rom_cpu__rdy 

cpu_acode 

rom_cpu_berr 



Figure 58. Sub-block partition of the ROM block 

17.3.4 Sub-block signal definition 

Table 59. ROM Block Internal signals 









Clocks and Resets 




prst_n 


1 


Global reset. Synchronous to pctk, active low. 
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Table 59. ROM Block Internal signals 









pcfk 




Global dock 


Internal Signals 


rom^adrfl 1 :0] 


12 


ROM address bus 


rom_sel 


1 


Select signal to the ROM macro instructing it to access the location 
at rom_adr 


rom_oe 


1 


Output enable signal to the ROM block 


rom_data(31:0} 


32 


Data bus from the ROM macro to the CPU bus interface 


rom_dva!id 


1 


Signal from the ROM macro indicating that the data on rom_data is 
valid for the address on rom^adr 


fuse_data[31 :0| 


32 


Data from the FuseChipfD[N] register addressed by fuse_reg„adr 


fuse_reg_adr{1 :0] 


2 


Indicates which of the FuseChipID registers is being addressed 
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18 Power Safe Storage (PSS) Block 

18.1 Overview 

The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
dev.ce is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
*u S ^i? S ,' eep mode (e g " eonfiaw^ton details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
| times. 

?ri u r t?? S Skep m0de the CPU shou,d store dI of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to determine which reset source caused the wakeup. The reset source information indicates whether 
or not the PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
| updated) then this is simply achieved by initiating a full software reset. 

18.2 Implementation 

The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS.base through to PSS_base+0x7F in the address map. The PSS block will only allow read or 
wnte accesses with supervisor data space permissions (i.e. cpu_acode[l:0] =11). All other accesses will 
result inpss_cpu_berr being asserted. The CPU subsystem bus slave interface is described in more detail 
in section 11.4.3. 
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18.2.1 Definitions of I/O 



Table 60. PSS Block I/O 











Clocks and Resets 


prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global clock 


CPU Interface 


cpu_adr(6:2J 


5 


In 


CPU address bus. Only 5 bits are required to decode the address 
space (or this block. 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


pss_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU I 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1 .-0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

1 0 - Supervisor program access 

11 • Supervisor data access 


cpu_pss_sel 


1 


In 


Block select from the CPU. When cpu_pss_seli3 high both cpu^adr 
and cpu_dataout are valid 


pss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When pss_cpu_rdy is high it indicates the 
last cycle of the access. For a read cycle this means the data on 
pss_cpu_data is valid. 


pss_cpu_berr 


1 


Out 


PSS bus error signal to the CPU indicating an invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 Overview 



The Low Speed Serial Interface (LSS) provides a mechanism for the internal SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus. 

CPU sub-system bus 
\ 



CPU 



LSS Master 
* 



GPIO 



SoPEC 



LSS bus 0 



LSS bus 1 



QA ChipO 



QA Chip 1 



QA Chip 2 



QA Chip 3 



Figure 59. LSS master system-level interface 



1 9.2 QA COMMUNICATION 

The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bus. Data is trans- 
ferred to the QA chips via the lss_data pin synchronously with the Iss^clk pin. When the lss_clk is high the 
data on lss_data is deemed to be valid. Only the LSS master in SoPEC can drive the lss_clk pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-up bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 

| should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 

agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

\ The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 

all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 

| mand or the occurrence of an error via an interrupt. 

19.2.1 Start and stop conditions 

All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60, a START condition corresponds to a high to low transition on 
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lss_data while lss_clk is high. A STOP condition corresponds to a low to high transition on lss_jiata while 
bs_clk is high. 



lss_daLa 



r 



f 



lss_clk 



~s r 



START 
CONDITION 



STOP 
CONDITION 



Figure 60. START and STOP conditions 



19.2.2 Data transfer 

Data is transferred on the LSS bus via a byte orientated protocol. Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit transferred Each byte must be followed by an acknowledge bit. 

The data on the Issjtata must be stable during the HIGH period of the lss_clk clock. Data may only 
change when Issjclk 'xs low. A transmitter outputs data after the falling edge of lss_clkand a receiver inputs 
the data at the rising edge of Issjclk. This data is only considered as a valid data bit at the next lss_clk fall- 
ing edge provided a START or STOP is not detected in the period before the next Issjclk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the lss_data line (high) during the 
acknowledge clock pulse (ninth clock pulse). The receiver must pull down the lss_data line during the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61 . The first byte sent by the LSS master after a START 
| condition is a primary id byte, where bits 7-2 form a 6-bit primary id (0 is a global id and will address all 

QA Chips on a particular LSS bus), bit I is an even parity bit for the primary id, and bit 0 forms the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
command to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the lss_data line low synchronous with the LSS master generated ninth lss_clk. 



lss_data "j ^> f ritt 7 - bit Ack / \bits7-l] ( bitO \ Ack j \ bits 7-1 ^ bitO^ Nack ^ I j T 
1? ' i , II II 1 i n i i it i 1?' 

START IDbyc(7:l] RVW ACK DATA ACK DATA ACK STOP 

condition condition 



Figure 61. LSS transfer of 2 data bytes 



19.2.3 Write procedure 



The protocol for a write access to a QA Chip over the LSS bus is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in bit 0 to indicate that the following command is a write to the primary 
id An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the M** 1 data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command See QA 
Chip Interface Specification for more details on the format of the commands used to communicate with 
the QA chip[8]. Note that the QA chip is free to'not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this error. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



BytcO 



ByteM-1 Byte M 



s 


IDbytc[7:l) 


0 




Daia(8) 













Data(8) 


Data(8) 




P 











S = Start condition 
A = Ack 
N « Nark 
P = Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



19.2.4 Read procedure 

The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following command is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS 
master releases the lss_data bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master. It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on the format of the commands used to communicate 
with the QA chip[8]. 



s 


ED byte [7:1] 


1 


&JL^i}ill!i^j|| 







Byte M 



S = Start condition 
A = Ack 
N = Nack 
P - Stop condition 
Shaded bits driven by slave 



Figure 63. Example of LSS read from QA Chip 
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1 9.3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as interrupts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
| to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 

ters. 



CPU 



Low Speed Serial 
Interface 



t * r t 



/ 32 



configuration registers 



22 

t t 



3 ✓ 



5x32 



LSS bus 0 
master unit 
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3 
4 3 A 



3 

-3 
i 



t 
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32 



LSS bus 1 
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4 
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GPIO 



ICU 



Figure 64. LSS block diagram 
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19.3.1 Definitions of IO 

Table 61. LSS 10 pins definitions 



Clocks and Resets 


pctk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_rwn 


1 


In 


Common read/no t-write signal from the CPU 


cpu^adrp^] 


5 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for this block 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1:0] 


2 


in 


CPU access code signals. 

cpu_acode[OJ - Program (0) / Data (1) access 

cpu_acode[1 j - User (0) / Supervisor (1) access 


cpujss_sel 


1 


In 


Block select from the CPU. When cpujs$_sel is high both 
qpLLatfrand cpu_dataout are valid 


lss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When lss_cpu_rdy is high it indicates 
the last cycle of the access. For a write cycle this means 
cpu^dataouthas been registered by the LSS block and for a 
read cycle this means the data on is$^cpu_data is valid. 


lss_cpu_berr 


1 


Out 


LSS bus error signal to the CPU. 


lss_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


lss_cp u_d e bu g_val id 


1 


Out 


Active high. Indicates the presence of valid debug data on 
lss_cpu_data. 


GPIO tor LSS buses 


iss_gpio_do{1:0] 


2 


Out 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bu3 1 


gpiojss_di[1:0] 


2 


In 


LSS bus data input 
Bit 0 - LSS busO 
Bit 1 - LSS bus 1 


l$s_gpio_e[1:0] 


2 


Out 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_dk[1 :0] 


2 


Out 


LSS bus clock output ' 
Bit 0 - LSS bus 0 j 
Bit 1 - LSS bus 1 


ICU Interface 


Jss_icu_irq[1:0] 


2 


Out 


LSS interrupt requests 

Bit 0 - interrupt associated with LSS bus 0 

Bit 1 - interrupt associated with LSS bus 1 
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19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface. Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS block. Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of Issjcpujiata. 

The input cpujacode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, i.e. 
when cpujacode equals bl 1. If the current access is a supervisor data access then the LSS responds by 
asserting lss_cpu_rdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting Issjcpujberr for a single clock cycle instead of lss_cpu_rdy as shown in section 1 1 .4 on page 69. 
A write access will be ignored, and a read access will return zero. 



Table 62. LSS Control Registers 





ihrtsFfDfonrd 


Si 






Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the LSS. 


0x04 


LssClockHighPeriod 


16 


oxooce 


High period of lss_dk expressed as a number of pclk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz t corresponding to a high period of 200 
pclk (l60Mhz) cycles for a 50/50 duty cycle. 


0x08 


LssClockLowPeriod 


16 


0x00C8 


Low period of tss_.dk expressed as a number of pclk , 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a low period of 200 ~ 
pclk (1 60Mhz) cycles for a 50/50 duty cycle. 


LSS bus 0 registers 


0x10 


LssOlntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 0 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 0 
A 1 in a bit of Iss0_statu$_set signal causes the corre- 
sponding bit in LssOlntStatus register to be set. 
All the bits in LssOlntStatus are cleared when the 
LssOCmd register gets written to. 
(Read only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of the LSS bus 0 state 
machine. (Read onty register). 
(Encoding will be specified upon state machine Imple- 
mentation) 


0x18 


LssOCmd 


22 


0x00 
_0000 


Command register defining sequence of events to 
perform on LSS bus 0 before interrupting CPU. 
A write to this register causes all the bits in the 
LssOlntStatus register to be cleared as well as gener- 
ating a lssO_now_cmd pulse. 
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Table 62. LSS Control Registers 





^^ggeg^teMMM 








0x1C-0x2C 


Lss0fifo[4:0] 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


LSS bus 1 registers 


0x30 


LssllntStatus 


3 


0x0 


LSS bus 1 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 1 
A t in a bit of l$$ 1_status_$et signaJ causes the corre- 
sponding bit in LssllntStatus register to be set. 
All the bits in LssllntStatus are cleared when the 
LsslCmd register gets written to. 
(Read only register) 


0x34 


Lss1 Currents tate 


4 


0x0 


Gives the current state of the LSS bus 1 state 
machine. (Read only register) 

(Encoding will be specified upon state machine imple- 
mentation) 


0x38 


LsslCmd 


22 


0x00_ 
0000 


Command register defining sequence of events to 
perform on LSS bus 1 before interrupting CPU. 
A write to this register causes all the bits in the 
LssllntStatus register to be cleared as well as gener- 
ating a Issl^newjcmd pulse. 


0x3C - 0x4C 


Lss1Buffer(4:0l 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


Debug registers 


0x50 


LssDebugSel 


5 


0x00 


Selects register for debug output. This value is used 
as the input to the register decode logic instead of 
cpu_adr[6:2]wher\ the LSS block is not being 
accessed by the CPU, I.e. when cpu_lss_sel is 0. 
The output tss_cpu_debug_valid is asserted to indi- 
cate that the data on lss__cpu_data is valid debug 
data. This data can be mutliplexed onto chip pins dur- 
ing debug mode. 



19.3.2. 1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and interrupt for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 

Some example commands are: 

• a single START condition (Start = l , IdByteEnable = 0, RdWrEnable = 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable = 0, Stop «= l) 

• a START condition followed by transmission of the id byte (Start =» 1 , IdByteEnable = 1 , RdWrEnable 
= 0, Stop ■ 0, IdByte contains primary id byte) 
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I • a write transfer of 20 bytes from the data buffer (Start = 0, IdByteEnable * 0, RdWrEnable = 1 , 

RdWrSense = 0, Stop = 0, TxRxByteCount = 20) 
| • a read transfer of 8 bytes into the data buffer (Start - 0, IdByteEnable - 0, RdWrEnable = i, 

RdWrSense = 1 , ReadNack - ft Stop = 0, TxRxByteCount = 8) 
♦ a complete read transaction of 16 bytes (oVorr = 1 , IdByteEnable = 1 , RdWrEnable « 1 , RdWrSense « 1 , 

ReadNack = 7, S/qp = \, IdByte contains primary id byte, TxRxByteCount = 16), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert arbitrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20 th 

I and 21 st bytes sent. It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 
erate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 
When interrupted by the LSS block to indicate successful completion of the command the CPU can then 

I write the remaining 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes from the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An interrupt to the CPU is generated for one cycle when any bit in LssNIntStatus is set. The CPU can read 
LssNIntStatus to discover the source of the interrupt and can clear a bit in LssNIntStatus by writing a 1 to 
the corresponding bit in LssNIntStatus register. Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 



Table 63. LSS command register description 









0 


Start 


When 1 , issue a START condition on the LSS bus. 


1 


IdByteEnable 


ID byte transmit enable: 

1 - transmit byte in IdByte field 

0 - ignore byte in IdByte field 


2 


RdWrEnable 


Read/write transfer enable: 

0 - ignore settings of RdWrSense, ReadNack and TxRxByteCount 

1 - it RdWrSense is 0, then perform a write transfer of TxRxByteCount bytes from the* 

data buffer. 

if RdWrSense is 1 , then perform a read transfer of TxRxByteCount bytes into the 
data buffer. Each byte should be acknowledged and the last byte received is j 
acknowledged/not-acknowledged according to the setting of ReadNack. 


3 


RdWrSense 


Read/write sense indicator: 

0 - write 

1 - read 


4 


ReadNack 


Indicates, for a read transfer, whether to issue an acknowledge or a not-acknowledge 
after the last byte received (indicated by TxRxByteCount). 

0 - issue acknowledge after last byte received 

1 - issue not-acknowledge after last byte received. 


5 


Stop 


When 1 . issue a STOP condition on the LSS bus. 


7:6 


reserved 


Must be 0 


15:8 


IdByte 


Byte to be transmitted if tdByteEnabte is 1 . Bit 8 corresponds to the LSB. 


20:16 


TxRxByteCount 


Number of bytes to be transmitted from the data buffer or the number of bytes to be 
received into the data buffer. The maximum value that should be programmed is 20, as 
the size of the data buffer is 20 bytes. 



The data buffer is implemented in the LSS master block. When the CPU writes to the LssNBuffer registers 
the data written is presented to the LSS master block via the lssNJbuffer_wrdata bus and configuration 
registers block pulses the lssN_buffer_wen bit corresponding to the register written. For example if LssN- 
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§ Buffer [2] is written to bsNJbuffer_yven[2] will be pulsed When the CPU reads the LssNBuffer registers 
J the configuration registers block reflect the IssNJmfferjrdata bus back to the CPU. 

19.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus 1. It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
! the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives bytes to or from the data buffer in. the same order. For example a transmit 
command 

For a transmit command, LssNBuffer fOJ [7:0] gets transmitted first, then LssNBuffer [0] [15:8] t LssNBuf- 
fer [0] [23:1 6], LssNBuffer [0] [31: 24] t LssNBuffer [1] [7:0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fills data to the buffer in the same order. Each new command the 
buffer start point is reset. 

All state machine outputs, flags and counters are cleared on reset. After a reset the state machine remains 
in the Idle state until lss_cmd_valid equals 1. If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the CheckldByte Enable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the CheckldByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to the CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the IdByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the byte is not- acknowledged, the state machine proceeds to the Generate Interrupt state and issues 
an interrupt to indicate a not-acknowledge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the command is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1 , count is loaded with the value of the TxRxByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the command is 1 or the TransmitByte state if the RdWrSense bit is 0. 

| For a write transaction, the state machine keeps transmitting bytes from the data buffer, decrementing 

count after each byte transmitted, until count is 1. If alt the bytes are successfully transmitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknow ledges a transmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter- 
rupt state. 

| For a read transaction, the state machine keeps receiving bytes into the data buffer, decrementing count 

after each byte transmitted, until count is 1. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte (i.e. when count is 1) the state machine checks the ReadNackbit 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered. 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelnterrupt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelnterrupt state. In both cases an interrupt is issued to 
indicate successful completion of the command. 

The state machine then enters the Idle state to await the next command. 

The CPU may abort the current transfer at any time by performing a write to the Reset register of the LSS 
block. 
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19.3.3. 1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transmission, occur when the 
LSS master generates a felling and rising edge respectively on the data while the clock is high. 

In the GenerateStart state, Iss _gpio_clk is held high with lss_gpio_e remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then Iss^gpioje is asserted and 
Iss _gpiojdo is pulled low (to drive a 0 on the data line, creating a falling edge) with lss_gpio_clk remain- 
ing high for another LssClockHighPeriod pclk cycles. 

In the GenerateStop state, both lss_gpio_clk and lss_gpio_do are pulled low followed by the assertion of 
Iss _gpio_e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, lss_gpiojclk is set 
high. After a further LssClockHighPeriod pclk cycles, lss_gpio_e is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 

19.3.3.2 Clock pulse generation 

The LSS master holds lss_gpio_clk high while the LSS bus is inactive. A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding lss_gpio_clk low for LssClock- 
LowPeriod pclk cycles, and then high for LssClockHighPeriod pclk cycles. 

19.3.3.3 Data reception 

The input data, gpioJss_di, is first synchronised to the pclk domain by means of two flip-flops clocked by 
pclk. The LSS master generates a clock pulse for each bit received. The output lss_gpio_e is deasserted on 
the falling edge of Iss _gpiojzlk to release the data bus. The value on the synchronised gpio_lss_di is sam- 
pled on the rising edge of lss_gpio_clk (the data should be averaged over a further 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of lss_gpio_clk 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByte state, the state machine generates 8 clock pulses. On each rising edge of lss_gpio_clk 
the synchronised gpio_Jss_di is sampled. The first bit sampled is LssNBuffer[0J{7J, the second LssNBuf- 
fer[0][6], etc to LssNBuffer [0] [0] . For each byte received the state machine either sends an NAK or an 
ACK depending on the command configuration and the number of bytes received. 

In the SendNack state the state machine generates a single clock pulse. lss_gpioje is deasserted and the 
LSS data line is pulled high externally to issue a not-acknowledge. 

In the SendAck state the state machine generates a single clock pulse. lss_gpio_e is asserted and a 0 driven 
on lss_gpio__do after lss_gpio„clk falling edge to issue an acknowledge. 

19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted- Data is output on the LSS bus on the fall- 
ing edge of lss_gpio_clk. 

When the LSS master drives a logical zero on the bus it will assert bs _gpio_e and drive a 0 on Iss _gpio_do 
after Iss _gpiojclk falling edge. lss_gpio_e will remain asserted and lss_gpio_do will remain low until the 
next lss_clk falling edge. 

When the LSS master drives a logical one lss_gpio_e should be deasserted at lss^gpio_clk falling edge and 
remain deasserted at least until the next lss_gpio_clk falling edge. This is because the LSS bus will be 
externally pulled up to logical one via a pull-up resistor. 

In the Sendld byte state, the state machine generates 8 clock pulses to transmit the byte in the IdByte field 
of the current valid command On each falling edge of Iss ^gpio^clk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte [7] is driven on the data bus, oil the second falling edge 
IdByte [6] is driven out, etc. 
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In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 
the transmit FIFO. On each falling edge of bs_gpio_clk a bit is driven on the data bus as outlined above. 

I On the first falling edge LssNBuffer[0][7] is driven on the data bus, on the second falling edge LssNBuf- 
fer[0][6] is driven out, etc on to LssNBufferfO] [7] bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
| lss_gpio_clk the synchronized gpio_lss_di is sampled. A 1 indicates an acknowledge and ackjtetect is 

pulsed, a 0 indicates a not-acknowledge and nack_detect is pulsed. 

19.3.3.5 Data rate control 

The CPU can control the data rate by setting the clock period of the LSS bus clock by programming appro- 
priate values in LssClockHighPeriod and LssClockLowPeriod. The default setting for both registers is 200 
(pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 
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State machine outputs, Iss Jcujrq and 
LssStatusSet are zero unless otherwise 
indicated. 



Reset OR prst n^O 




Figure 65. LSS master state machine 
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DRAM Subsystem 
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20 DRAM Interface Unit (DIU) 



20.1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the functionality of the DIU, this chapter provides a top-level 
overview of the memory storage and access patterns of SoPEC and the buffering required in the various 
SoPEC blocks to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best effort accesses. The arbitra- 
tion scheme is fully programmable. 

The interface between the DIU and the SoPEC requesters is similar to the interface on PEC I i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data 

• PEP (re)prograrriming commands. 

• Compressed pages containing contone, bi-level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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Figure €6. SoPEC System Top Level partition 
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20.2 IBM Cu-1 1 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 jim class Cu-1 1 process. 

. The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4). These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memory row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memory bank. In Cu-1 1, the maximum single 
instance size is 16 Mbit. The first 1 Mbit tile of each instance contains an area overhead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would together consume 
an area of 14.63 mm 2 as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm 2 . 

The instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 16 Mbit requires 8192 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 1 0 Mbit instances would require a refresh every 1 00 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memory bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 





mmmsmmmmmmsmsm 


compressed page store 


2048 Kbytes 


Compressed data page store for BMevel 
and contone data 


Decompressed Contone 
Store 


108 Kbyte 


13824 lines with scale factor 6 = 2304 pixels, 
store 12 lines, 4 colors = 108 kB 
13824 lines with scale factor 5 = 2765 pixets, 
store 12 lines, 4 colors = 130 kB 


Spot line store 


5.1 Kbyte 


1 3824 dots/line so 3 lines is 5.1 kB 


Tag Format Structure 


55 Kbyte (384 dot line tags Q 
1600 dpi) 

i <- rvuyie mm tags oUU 
dpi) 


55 kB in for 384 dot line tags 

2.5 mm tags (1/1 0th inch) @ 1600 dpi require 

160 dot lines = 160/384 x55 or 23 kB 

2.5 mm tags © 800 dpi require 80/384 x55 = 

12 kB 


Dither Matrix store i 


4 Kbytes 


64x64 dither matrix is 4 kB 
128x128 dither matrix is 16 kB 
256x256 dither matrix is 64 kB 


DNC Dead Nozzle TaWe 


1 .4 Kbytes 


Delta encoded, (10 bit delta position + 6 dead 
nozzle mask) x% Dnozzfe 
5% dead nozzfes requires (10+6)x 692 Dnoz- 
zles - 1 .4 Kbytes 


Dot-line store 


319 Kbytes 


Assume each color row is separated by 5 dot 
lines on the print head 
The dot line store will be 0+5+10, ..50+55 = 
330 half dot lines + 48 extra half dot lines (4 
per dot row) = 378 half dot lines = 31 9Kbytes 


PCU Program code 


8 Kbytes 


1024 commands of 64 bits = 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (12 Kbyte TPS 
storage) 

2613 Kbytes (55 Kbyte TFS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blocks will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written are masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 



Table 65. Memory access patterns of SoPEC DRAM Requesters 







CPU 


R 


Single 256-bit reads. 


W 


Single 32-bit, 16-bit or 8-bit writes. 


SC8 


W 


Single 256-bit writes. 


CDU 


R 


Single 256-bit reads of the compressed contone data. 


W 


Each CDU access is a write to 4 consecutive DRAM words in the same row 
but only 64 bits of each word are written with the remaining bits write 
masked. 

The access time for this 4 word page mode burst is 3 + 1 + 1+1=6 cycles 
if the page mode select signal is clocked at 320 MHz. 


CFU 


R 


Single 256 bit reads. 


LBD 


R ! 


Single 256 bit reads. 


SFU 


R 


Separate single 256 bit reads for previous and current line but sharing the 
same DIU interface 


W 


Single 256 bit writes. 


TE(TD) 


R 


Single 256 bit reads. Each read returns 2 times 128 bit tags. 


TEfTFS) 


R 


Single 256 bit reads. TPS is 136 bytes. This means there is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix requires 4 reads per line with 
double buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single buffering. 

Dither matrices have start address, end address and line advance incre- 
ment. 


DNC 


R 


Single 256 bit dead nozzle table reads. Each dead nozzle table read con- 
tains 16 dead-nozzle tables entries each of 10 delta bits plus 6 dead nozzle 
mask bits. 


OWU 


W 


Single 256 bit writes since enable/disable DRAM access per color plane. 


LLU 


R 


Single 256 bit reads since enable/disable DRAM access per color plane. 


PCU * 


R ! 


Single 256 bit reads. Each PCU command is 64 bits so each 256 bit word 
can contain 4 PCU commands. 

PCU reads from DRAM used for reprogramming PEP should be executed 
with minimum latency. 

If this occurs between pages then there will be free bandwidth as most of 
the other SoPEC Units will not be requesting from DRAM. If this occurs 
between bands then the LDB, CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare bandwidth. 


Refresh 




Single refresh. 
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20.5 Buffering Required in SoPEC DRAM Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 
FIFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



DRAM 
Requester 


Direction 


Access patterns 


Buffering required in 
block 


CPU 


R 


Single 256-bit reads. 


Cache. 


W 


Single 32-bit writes but allowing 16-bit or byte 
addressable writes. 


None. 


SCB 


W 


Single 256-bit writes. 


Double 
256-bH buffer. 


CDU 


R 


Single 256-bit reads of the compressed contone 
data. 


Double 256-bit buffer. 


W 


Each CDU access is a write to 4 consecutive DRAM 
words in the same row but only 64 bits of each word 
are written with the remaining bits write masked. 


Double half JPEG block 
buffer. 


CFU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 




Stnole 256 bit reads 


Double 256-bit buffer. 


SFU 


R 


Separate single 256 bit reads for previous and cur- 
rent line but sharing the same DIU interface 


Double 256-bit buffer for 
each read channel. 


W 


Single 256 bit writes. 


Double 256-bit buffer. 


TE(TD) 


R 


Single 256 bit reads 


Double 256- bit buffer. 


TE(TFS) 


R 


Single 256 bit reads. TFS is 136 bytes. This means 
there is unused data in the fifth 256 bit read. A total 
of 5 reads is required. 


Double line-buffer for 1 36 
bytes implemented in TE. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix 
requires 4 reads per line with double buffering. 256 x 
256 dither matrix requires 8 reads at the end of the 
line with single buffering. 


Configurable between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


DNC 


R 


Single 256 bit reads 


Double 256-bit buffer. | 
Deeper buffering could be 
specified to cope with local 
clusters of dead nozzles. 


DWU 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-bit buffer per 
color plane. 


LLU 


R 


Single 256 bit reads per enabled odd/even color 
plane. 


Double 256-bit buffer per 
color plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can contain 4 PCU com- 
mands. Requested command is read from DRAM 
together with the next 3 contiguous 64-bits which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 

Table 67: SoPEC DIU Bandwidth Requirements 




CPU 



w 





SCB 



W 



780 2 



0.328 



0.328 



0.5 



CDU 



W 



128(SF = 4), 288 (SF = 
6). 1:1 compression 3 



32/n 2 (SF=n), 
0.9 (SF = 6), 
2(SF = 4) 
(1:1 compression) 



32/1 0'n 2 (SF=n), 
0.09 (SF = 6), 
0.2 (SF = 4) 
(10:1 compression) 4 



1 (SF=6) 

2 <SF=4) 



For individual accesses: 
16 cycles (SF = 4), 36 
cycles (SF = 6), n 2 cycles 
(SF=n). 

Will be implemented as a 
page mode burst of 4 
accesses every 64 cycles 
(SF = 4), 144 (SF=6). 
4*n 2 (SF =n) cycles 5 



64/n 2 (SF=n), 
1.8 (SF = 6), 
4 (SF = 4) 



32/n 2 (SF=n), 
0.9 (SF = 6), 
2 (SF = 4) 6 



2 (SF=6) 
4 (SF=4) 



CFU 



32 (SF = 4). 48 (SF = 6) 7 



32/n (SF=n), 
5.4 (SF = 6). 
8(SF = 4) 



32/n (SF=n) t 
5.4 (SF = 6), 
8 (SF = 4) 



5.5 (SF=6) 
8 (SF=4) 



LBD 



256 (1:1 compression) 8 



1 (1:1 compression) 



0.1 (10:1 compression) 9 



SFU 



W 



128 1 



256' 



TEfTD) 



252 1 



1.02 



1.02 



1.25 



TE(TFS) 



5 reads per line 1 



0.093 



0.093 



0.25 



HCU 



4 reads per line for 1 28 x 
128 dither matrix 14 



0.074 



0.074 



0.25 



DNC 



106 (5% dead-nozzles 
10-bit delta encoded) 15 



2.4 (clump of dead 
nozzles) 



0.8 (equally spaced 
dead nozzles) 



2.5 



DWU 



W 



6 writes every 256 16 



LLU 



8 reads every 256 



17 



PCU 



256 18 



Refresh 



100 19 



2.56 



2.56 



2,75 



TOTAL 



SF « 6. 34 
SF = 4: 39.5 
excluding CPU 



SF = 6: 27.5 
SF«4:31.2 
excluding CPU 



SF = 6: 35 
excluding CPU. 
SF=4: 40.5 
excluding CPU 



Notes: 

1 : The number of allocated timcslots is based on 64 timeslots each of 1 bit/cycle but broken down to a granularity of 
0.25 bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At 1:1 compression CDU must read a 4 color pixel (32 bits) every SF 2 cycles. 
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4: At I0:laverage compression CDU must read a 4 color pixel (32 bits) every 10*SF 2 cycles. 
5: 4 color pixel (32 bits) is required, on average, by the CFU every SF 2 (scale factor) cycles. 

The time available to write the data is a function of the size of the buffer in DRAM. 1.5 buffering means 4 color pixel 
(32 bits) must be written every SF 2 / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 
every SF 2 cycles. 

Since 64 valid bits are written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF 2 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3 + 1 + 1+1) equals 6 cycles. This means at SF, a set 

of 4 back-to-back accesses must occur every 4*SF 2 cycles. This assumes the page mode select signal is clocked at 320 

MHz. CDU timeslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 

cycles. At SF6, 32bits every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwidth required at 10:1 compression is 0.1 bits/cycle. 

10: Two separate reads of 1 bit/cycle. 

11: Write at 1 bit/cycle. 

12: Each tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a maximum rate of 256 bits 
every 252 cycles. 

13: 17 x 64 bit reads per line in PEC1 is 5 x 256 bit reads per line in SoPEC. Double-line buffered storage. 
14: 128 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles 10-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles arc evenly spaced out. In practice dead nozzles are 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 
16:6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise the DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

1 8: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 

19: As an example assume refresh must occur every 3.2 ms. Refresh occurs row at a time over 5120 rows of 2 parallel 

10 Mbit instances. Each refresh takes 3 cycles. This is equivalent to a timeslot every 100 cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic topology 



Table 68. SoPEC OIU Requesters 



hps 


mm 




CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TE(TD) 






TE(TFS) 






HCU 






DNC 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read requesters and 4 write requesters in PEC1. Refresh is an additional 
requester. 

In PEC1 , the interface between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in the DIU according to the arbitra- 
tion scheme, 

• separate 64-bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64-bit read bus from the DIU with separate enables to each DIU read requester. 

Timing closure for this bussing scheme was straight-forward in PEC 1. This suggests that a similar scheme 
will also achieve timing closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0.13 
um process with more metal layers and SoPEC will run at approximately the same speed as PEC1. 

Using 256-bit busses would match the data width of the embedded DRAM but such large busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buffers to match the 256-bit busses. These buffers, which must be implemented in 
flip-flops, are less area efficient than 8-deep 64-bit wide register arrays which can be used with 64-bit bus- 
ses. SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however simplify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7.1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus. 

20.7.2 Making more efficient use of DRAM bandwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actually do a 256-bit random DRAM access in the case of IBM DRAM. 
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J3 



20.7,2.1 Common read bus 



If we have a common read data bus, as in PEC1, then if we arc doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclk| 
diu_data[63:0] ( 

rreq(n+l) 

rreq(n+2) " 

rreq(n+3) " 
rack(n+l) 

rack(n+2) 

rack(n-K3) 



access n 



access n+1 



access n+2 



unused 
cycle 
— ► 



unused 
cycle 



access 



unused 
cycle 



Figure 67. Shared read bus with 3 cycle random DRAM read accesses 



20. 7.2.2 interleaving CPU and non-CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interleaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2.3 Interleaving read and write accesses 

Having separate write data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective duration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation appro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



256-bit buffered write 

for SoI^EC Unit n 




diu_data[63 



256-bit buffered write data 
for SpPEC Unit m 

Figure 69. Interleaving read and write accesses with 3 cycle random DRAM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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Write access Write access Write access 




Figure 70. Interleaving write accesses with 3 cycle random DRAM accesses 



20.7.3 Busrtnidths y 



Table 69. SoPEC DIU Requesters Data Bus Width 



mm 






SB 


CPU 


256 (separate) 


CPU 


32 (OPEN ISSUE) 


CDU 


64 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


LBD 


64 (shared) 


SFU 


64 


SFU 


64 (shared) 


DWU 


64 


TE(TD) 


64 (shared) 






TE(TFS) 


64 (shared) 






HCU 


64 (shared) 






DNC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20.7.4 Conclusions 

Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interleaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 SOPEC DRAM ADDRESSING SCHEME 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required 

• CPU writes can be 8, 16 or 3 2 -bits. The cpu_diu_wmaskfl :0J pins indicate whether to write 8, 16or32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 207 



SoPEC : Hardware Design 



20.9 DIU Protocols 



The DIU protocols are 

• pipelined i.e the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 



20.9.1 Read Protocol except CPU 

The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diu_data[63:0J. The 
read address <unit>_diu_radr[21:5] is 256-bit aligned. 

The read protocol is: 

• <unit>_diu_rreq is asserted along with a valid <unit>_diu_radr[21:5]. 

• The DIU acknowledges the request with diu_<unit>_rack The request should be deasserted. The min- 
imum number of cycles between <unit>jdiu_rreq being asserted and the DIU generating an 
diu_<unit>_rack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:0] and its validity is indicated by diu_<unit> _rvalid. 

• When four diu_<unit>_rvalid pulses have been received then if there is a further request 
<unit>_diujrreq should be asserted again. diu_<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu_<unit>_rvalid pulse will occur 3 cycles after 
diu_<unit>_rack (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
returned from the DRAM). 



pclk 

<uni t>_di u_rre q 
diu_<unit>_rack 
<uiut>_diu_radr[2 1 :5] 
diu_<urut>_rvalid 
diu_data[63:0] 



u 



Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



3 I 4 I I 



20.9.2 Read Protocol for CPU 



The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dram_cpu_data[25S:Q]. The read address cpujadr [2 1 ': 5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpu_diu_rreq is asserted along with a valid cpu_adr[2I:5], 
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• The DIU acknowledges the request with diujcpu_rack* The request should be deasserted. The mini- 
mum number of cycles between cpujdiu_rreq being asserted and the DIU generating a cpujdiu^rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13.6). 

• The read data is returned on dram _cpujtata[25 5:0] and its validity is indicated by diu_cpu_rvalid. 

• When the diu_cpu_rvalid pulse has been received then if there is a further request cpu_diu_rreq should 
be asserted again. The diu_cpu_rvalid pulse will occur 3 cycles after rack (1 cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk 

cpu_diu_rreq 
diu_cpu_rack 




cpu_adr[2l:5] | [ J~ 



diu_cpu_rvalid 



dram_cpu_data[255:0] 



Figure 72. Read protocol for a CPU making a single 256-bit access 



20.9.3 Write Protocol except CPU and CDU 

The SoPEC write requestors, except for the CPU and CDU, perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>_diu_wadr[21 :5] is 256-bit aligned. 

The write protocol is: 

• <unit>_diu_wreq is asserted along with a valid <unit>_diujwadr[21 :5] . 

• The DIU acknowledges the request with diu_<unit>_wach The request should be deasserted. The 
minimum number of cycles between <unit>_diu_wreq being asserted and the DIU generating an 
diu_<unit>_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>_diu_data[63:0], asserting 
<unit>_diu_wvalid. Write data should be output as soon as possible after receiving the wack. Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu_<unit>_wach In the case of register array or SRAM access, the 
first <unit>_diu_wvalid pulse will occur 2 clock cycles after diu_<unit>_wack. 

• Once all the write data has been output then if there is a further request <unit>__diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four 
<unit>_diu_wvalid pulses are not provided. 
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pclk 

<unit>_diu_wreq 
<unit>_diu_wadr[2 1 :5] 
diu_<unit>_wack 
<unit>_diu_data[63 :0] 
<unit>_diu_wvalid 



J" 



1 



Figure 73. Write Protocol shown for a SoPEC Unit making a single 256-bit 



access 



20.9.4 CPU Write Protocol 



The CPU performs single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the cpu_dataout[3I:0] bus. The write address cpu__adr[21:0] is byte aligned 
The CPU write protocol is: 

. cpu r diu_ W req is asserted along with a valid cpu_adr[21:0J and a write mask cpu diu wmaskfl OJ to 
indicate whether an 8, 1 6 or 32-bit access is required. ~ 

• The DIU acknowledges the request with diu_cpu^ack The request should be deasserted The mini- 
mum number of cycles between cpu_diu_wreq being asserted and the DIU generating an 
Section iTnQ ° beis2cycles(1 c y<=le to registers request, 1 cycle to perform the arbitration see 

• In the clock cycle following diu_cpu_ W ack the CPU outputs the cpu_dataout[31:0J, asserting 
cpu_d, U WVa hd. Write data should be output as soon as possible after receiving the diu cpu W ack 
The earliest the cpu_diu_wvalid pulse can occur is in the first clock cycle after diu_cpu_wack ~ 

• Once the write data has been output then if there is a further request cpu_diu_wreq should be asserted 
again. 
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pclk 

cpu_diu_wreq 



cpu_adr[21:0] [ 
cpu_diu_wmask[l:0] [ 
diu_cpu_wack 

cpu_dataout[3 1 :0] 
cpu_diu_wvalid 



the 



J L 



Figure 74. Write Protocol shown for a CPU making an 8, 16 or 32-bit access 



20.9.5 CDU Write Protocol 

The CPU performs four 64-bit writes to 4 contiguous 256-bit DRAM addresses with the first address spec- 
ified by cdu_diu_wadr[21:3J. The write address cdu_diu_wadr (2 1 : 3] is 64-bit aligned 

The write protocol is: 

• cdu_diu_wdata is asserted along with a valid cdu_diu__wadr[21 :3J. 

• The DIU acknowledges the request with diu_cdu_wack The request should be deasserted. The mini- 
mum number of cycles between cdu_diu_wreq being asserted and the DIU generating an 
diu_cdu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycles following wack the CDU outputs the cdu_diu_data[63:0], together with asserted 
cdu^diu_wvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdu_diu_wvalid pulse can 
occur in the clock cycle after diu_cdu_wack. In the case of register array or SRAM access, the first 
cdu__diu_yjvalid pulse will occur 2 clock cycles after diu_cdu_wack. 

• Once all the write data has been output then if there is a further request cdu__diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four cpu_diu_wvalid 
pulses are not provided. 
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pclk 

cdu_diu_wreq 



cdu_diu_wadr[22:3] [ 

diu_cdu_wack 
cdu_diu_data[63:0] 
cdu_diu_wvalid 



J — L 





1 


2 


3 | 4 





Figure 75. Write Protocol shown for CDU making four contiguous 64-bit accesses 
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20.10 DIU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec- 
tions. 

20.10.1 Timeslot based arbitration scheme 

Table 67 summarised the bandwidth requirements of the SoPEC requestors to DRAM. If we allocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42.5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timeslot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pclk cycles to transfer the read data over the shared read bus. The 
timeslot rotation period for 64 timeslots each of 4 pclk cycles is 256 pclk cycles or 1 .6 jis, assuming pclk is 
160 MHz. Each timeslot represents a 256-bit access every 256 pclk cycles or 1 bit/cycle. This is the granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timeslot to a requester a total of 64 times 5 configuration registers is required 
for the 64 main timeslots. 

Timeslot based arbitration works by having a pointer point to the current timeslot. When re-arbitration , is 
signaled the arbitration pointer will advance to the next timeslot. If the SoPEC Unit assigned to the current 
timeslot is not requesting then the unused timeslot arbitration mechanism outlined in Section 20.10.4 is 
used to select the arbitration winner. 

The timeslot pointer advances when the DIU issues the next command to the DRAM. Each timeslot there-: 
fore denotes a single access. The duration of the timeslot depends on the access. 

If the SoPEC Unit pointed to by the current timeslot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timeslot 
pointer 







n-l 


n 


n-H 









Figure 76. Timeslot based arbitration 

20.10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arbitrated 4 cycles in advance. The [to be included figure and 
explanation] shows why this is necessary. 
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Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration rules must be modified to initiate write accesses in advance.accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timcsiots in advance of the current timeslot pointer. . 



current timeslot 
pointer 




timeslot lookahead 
pointer 




► 








n 


n+l 


n+2 



























Figure 77. Timeslot based arbitration with separate read and write pointers 

The following examples illustrate separate read and write timeslot arbitration. 



W 



W 



W 



Programmed timeslot order 



W 



W 



R 
W 



R 



w 



w 



w 



Timeslot arbitration order 



Actual timeslot order 



write 
latency 



Figure 78. Example (a), separate read and write arbitration 

In Figure 78 writes are arbitrated two timeslots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79, Figure 80 and Figure 81. The actual timelsot order is always the 
same as the programmed timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown in Figure 78 and Figure 79 If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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w 



w 



w 



Programmed timeslot oreder 



W 



W 



W 



Timeslot arbitration order 



W 



W 



R 



W 



Actual timeslot order 



write 
latency 



Figure 79. Example (b), separate read and write arbitration 



R 



W 



W 



W 



Programmed timeslot oreder 



W 
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Timeslot arbitration order 
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W 
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Actual timeslot order 



write 
latency 



Figure 80. Example (c), separate read and write arbitration 
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R 
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W 
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iS 




R 


R 


W 


R 


W 









Programmed timeslot oreder 



Timeslot arbitration order 



Actual timeslot order 



► 

initial write 
latency 

Figure 81. Example (d), separate read and write arbitration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead 
point to read or wnte accesses. 

To be checked and updated: 

Table 70: Arbitration with separate windows for read and write accesses 



pointers 




read 



readl 



write 1 



write 



write 



read2 



write2 



read 



Initiate read transfer. 



Initiate write transfer. 



Initiate readl transfer. 



Initiate write2 transfer. 



No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the times! otjoojcahead pointer points to a write access then this access is initiated immediately, or 

immediately after the read access associated with the current timeslot pointer is initiated. 

a t ^ tt \ acccss iS u initi f ed the DIU ™ {l ca P^ e the write address and will do the DRAM write two 
tiemslots m advance when the associated write data has been transfered to the DIU. 

Iltrtnt^ T dated: ^. Wt " i « ton . both Peters Point to the first timeslot. The lookahead 
pointer advances to the second timeslot and the third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer Then both pointers advance in tandem. At eTh step *e 
rules in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 78 to ^81 
CPU write accesses are excepted from the lookahead mechanism. 
Timing diagrams for these scenarios are shown in Section 20.13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timeslots. This is described in Section 20. 10.5. 

20.1 0.3 Arbitration of CPU accesses 

The CPU can be allocated timeslots like any other DIU requestor. If CPU accesses are interleaved between 
the shared read bus accesses then the DIU timeslots will take 3 cycles as shown in Section 20.7.2.2. The 
timeslot rotation will be faster than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 71. This is the time between the CPU making 
a request to the DrU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71. Estimated CPU read access latency ignoring caching 







em 


register the CPU read 
request 


1 cycle ! 


complete the arbitra- 
tion of the request 


1 cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



If the CPU, as is likely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so that timeslots 
last 3 cycles. If the CPU access latency increases to 7 cycles then the CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore will reduce the number of DRAM accesses but not 
speed up any of those accesses. 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timeslots. 

This can be done by defining each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 



Table 72. Timeslot access times. 







CPU access + non-CPU access 


3 + 3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Tlmeslot access times. 





W/W.W 






non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 =6 cycles 


Page mode select signal is clocked at 320 MHz 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access require 9 cycles. 
CDU timeslots therefore take longer than all other DIU requestors timeslots. 

With a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF - 4 
operation, ignoring implementation pipeline latencies. 



For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bits each are defined allowing the CPU to get a maximum of cpu_timeslots 
in totaUimeslots. A timeslot counter starts at total jtimeslots and decrements every timeslot, while another 
counter starts at cpujtimeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before total jtimeslots no further CPU accesses are allowed. When the 
total_timeslots counter reaches zero both counters are reset to their respective initial values. 

When cpujimeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are summarised in Table 73 with a nominal rotation period of 256 cycles. 



Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 





*«SIlI 

im 






mm£b&®m EBuutf &« m 


CPU Pre-access 

i.e. cpujtimeslots = total jtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non-CPU. 

If CPU does not use a timeslot then rotation is faster. 


Fractional CPU 
Pre-access 

i.e. cpujtimeslots < total jtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot. 


Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 


Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 
to shared read bus. 


Interleaved 

i.e. cpujtimeslots = 0 


4 cycles j 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.10.4 Sub-timeslots 

Looking at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of 1 bit/cycle or multiples thereof. However, some of the requestors require much lower band- 
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width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bit/cycle should be 
defined 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
is nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timeslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 



Table 74. Sub-timeslot definition 







Sub4timeslot 


4 


0.25 bits/cycle 


Sub8timeslot 


8 


0.125 bits/cycle 



Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not. 

Sub-timeslots are similar in all other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• unused slots are decided by the same unused timeslot allocation mechanism (Section 20. 10.5). 

• a timeslot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 



current timeslot 
pointer 
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sub4timeslot 



sub3 timeslot 



Figure 82. Example sub-timeslot allocation 

An example sub-timeslot allocation is shown in Figure 82. 

Every time main timeslots m and n are accessed, the SoPEC unit pointed to by the pointer in sub4timeslot 
will win arbitration and the sub4 timeslot pointer will advance. Similarly, every time main timeslots n+2 
andp are accessed, the SoPEC unit pointed to by the pointer in sub3timeslot will win arbitration and the 
sub3timeslot pointer will advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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J3 



Each SoPEC requestor has two associated bits, RoundRobinLevel indicates whether it is in level 1 or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 

Table 75. Round-robin selection 



RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 


RoundRobinEnable = 1 


Level 1 


RoundRobinLevel = 1 


RoundRobinEnable «= 0 


Not enabled 


RoundRobinEnable - 1 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses. 
CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
cycles. The write accesses which the CDU write could otherwise replace require only 3 or 4 cycles. 
Robin-robin allocations do not have CPU pre-accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced If the unit 
pointed to in the level 1 round-robin is not requesting then the next units in the level 1 round-robin are 
examined. When a requesting unit is found this unit wins the arbitration and the pointer advances to the 
next unit If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-robin. ' ~ 



Table 76. Write round-robin registers bit order 





S§33 


CPU(W) 


o 


SCB 


1 


SFU(W) 


2 


DWU 


3 



20.10.6 Background refresh controller 

A background refresh controller should be implemented that will issue a refresh and pause the timeslot 
rotator in case data is about to be lost. This scenario will only occur in the situation that insufficient 
tirneslots were allocated for refresh. 
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20.11 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 



20.11.1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means 1 or 2 timeslots can be removed to 
allow for implementation latency. Each timeslot will allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timeslot allocation in a rotation.. If units are allo- 
cated more than 1 timeslot in a rotation then the gap between slots may need to be reduced additionally to 
allow for implementation latency. 



20.11.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is sufficient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that unused timeslot bandwidth is 
available to them. 



20.11.3 Basing timeslot allocation on peak bandwidths 

Since the embedded DRAM provides sufficient bandwidth to use 1:1 compression rates for the CDU and 
LBD, it is possible to simplify the main timeslot and sub-timeslot allocation by basing the. allocation on 
peak bandwidths. The only variable in determining timeslot allocations then becomes the scale factor. 

If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deterministically by adding some cycles to the print line time. 

20.1 1 .4 Adjacent timeslot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this operation is greater than the rime between adjacent timeslots. Therefore 
adjacent timeslots should not be assigned to a particular DIU requester because the requester will not be 
able to make use of all these slots. 



20.1 1.5 Line margin 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 

Similarly, if the line length is not a multiple of 256-bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for all DIU requesters to mask these stalls. 
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20.11.6 Example DIU programming 

A full example to be worked out. 

*°^ p ^ configuration registers (Table 82) for peak required bandwidth* 

of SoPJEC Units according to the scale factor used for the document. 

Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20.12 CPU DRAM ACCESS PERFORMANCE 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to Dili timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often the CPU can get access to DIU timeslots depends on the access type. 



Table 77. CPU DRAM access performance 











CPU Pre-access 


6 cycles 


Lower bound (guaranteed 

bandwidth) is 

160 MHz /6 -26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Pre-access 


6 cycles 


Lower bound (guaranteed 
bandwidth) is 
(160 MHz*N/P) 


CPU accesses precede a fraction N of timeslots 

where N-C/T. 

C = cpujtimeslots 

T = total jtimeslots 

P = (6*C+4*(T-C))/T 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF = 6, 28 timeslots available for CPU. 
At SF = 4, 21 timeslots available for CPU. 



For CPU Pre-access and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk » 160 MHz. 

Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and pclk= 160 MHz 





mm 




Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12 cycles 


1 2 cycles 


CPU rate 


13.3 MHz 


13.3 MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimum the 
CPU rate must reflect this. 
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Table 79 shows the average CPU access with 4 cycle DRAM access and pclk - 
bursty access. 



160 MHz. This will be a 



Ja^U^J^ 9 ^ bUfSty ° PU aCCeSS — 4 Cycte DRAM 800085 and P c,k = 160 MHz 



Timeslots left for CPU 


34.95 


30.8 


Maximum wait for timeslot 


8 cycles 


1 2 cycles 


CPU rate 


20 MHz 


13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 

Sher CPU eS „S„ ^ 4 Z ^ CPU S,0tS Wi " 06 available — frequently Id 

higher CPU performance is attainable. 
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20.13 Implementation 



The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification. 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 



SoPEC 


I 

I . 


Units 


I 
I 




I 
I 




I 



DRAM Access Unit (DAU) 



DRAM 
Controller 
Unit 
(DCU) 



eDRAM 



Figure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that the eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-1 1 embedded DRAM performing 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also supported. 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64-bit read data bus. 
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20.13.1 Definition of DCU lo' 

Table 80. DCU interface 



clocks and Resets 



pdk 


1 


In 


SoPEC Functional clock 


prst n 


1 


In 


Active-low, synchronous reset in pdk domain 


InniitQ frrtm HAII 
oipuis If UIH wny 




uau_ucu^crnoavai i 


1 


In 


Signal Indicating a DAU command is available i.e. 
dau_cmd_adr, dau_cmd_rwn and dau_cmd_refrBsh are valid. 


dau_dcu_cmdadr(21 :5] 


17 


tn 


Signal indicating the address for the DRAM access. This is a 
256-bit aligned DRAM address. 


dau_dcu_cmdrwn 


1 


In 


Signal indicating the direction for the DRAM access (1=read, 
0=write). 


dau_dcu_cmdrefresh 


1 


In 


Signal indicating that a refresh command is to be issued. If 
asserted dau and adr and dau cmd rwn will be ignored j 


dau_dcu_wdata 


256 


In 


256-bit write data to DCU 


dau__dcu_wmask 


256 


In 


256-bit write data mask to DCU 


dau_dcu_wvalid 


17 


,n 


Signal indicating valid write data and write mask. 


Outputs to OAU 




dcu_dau_cmdaccept 


1 


Out 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_daii_refreshcomp!ete 


1 


Out 


Signal indicating that the DCU has completed a refresh. 


dcu_dau_rdata 


256 j 


Out 


256-bit read data from DCU. 


d cu_da u_nrva fid 


1 


Out 


Signal indicating valid read data on dcu rdata. 


Outputs to DRAM " 


1 1 


Inputs from DRAM 








1 


I 
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20.13.2 Definition of DAU IO 



Table 81. DAU Interface 







IBS 


wmmmmMimasm 


Clocks and Resets 


pdk 


1 


In 


SoPEC Functional clock 


prst_n 


1 


In 


Active-low, synchronous reset in pdk domain 


CPU Interface 


cpu_adr{9:2) 


8 


In 


CPU address bus. 8 bits are required to decode the 
address space for this block 


cpu_dataout[31 :0] 


32 


In 


Shared write data bus from the CPU 


diu_cpu_data[31:0] 


32 


Out 


Configuration, status and debug read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0} - Program (0) / Data (1) access 

cpu_acodepj - User (0) / Supervisor (1) access 

The DAU will only allow supervisor mode accesses to data 

space. 


cpu_diu_sel 


1 


In 


Block select from the CPU. When cpu_diu_sel is high both 
cpu_addr and cpujdataout are valid 


diu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu_cpu_rdy\s high it indi- 
cates the last cycfe of the access. For a write cycle this means 
cpujdataout has been registered by the block and for a read 
cycle this means the data on diujcpu_data is valid. 


diu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


DIU Read Interface to SoPEC Units 


<unit>_diu_rreq 


1 


In 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_diu_radr[21 :5] 


17 


In 


Read address to DIU 

1 7 bits wide {256-bit aligned word). 


diu_<unit>_rack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unit>_diu_radr 


diu_data(63:0] 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-bits is bits 63:0 of 2S6 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :1 28 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


dram_cpu_data[255:0] 


256 


Out 


256-bit data from DRAM to CPU. 


diu_<unit>_rvalid 


1 


Out 


Signal from DIU telling SoPEC Unit that valid read data is on 
the diu_data bus 


DtU Write Interface to SoPEC Units 


<unit>_diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


<unit>_diu_wadr(21 :5] 


17 


in 


Write address to DIU except CPU. CDU 
1 7 bits wide (256-bit aligned word) 


cpu_adr(21:0] 


22 


In 


CPU Write address to DIU 

22 bits wide (8-bit aligned word) . 

Addresses cannot cross a 256-bit word DRAM boundary. 
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Table 81. DAU Interface 















■ ■MM 




cpu_diu_wrnask( 1 :0] 


2 


In 


Rag indicating format of CPU write to DRAM 
w. o-oii write 
01: 16-blt write 
10; 32-bit write 
11: reserved 

cpu_acW/(2:0] are driven in accordance with the width of the 
data access indicated by cpu_diu_wmask. Addresses cannot 
cross a 256-bit word DRAM boundary. ^ j 


cdu_diu_wadrf21:3] 


19 


In 


CDU Write address to DIU 
19 bits wide (64-bit aligned word) 
. Addresses cannot cross a 256-bit word DRAM boundary. 


diu_<unit>_wack 


1 


Out 


Acknowledge from DIU that write request has been accepted 
and new write address can be placed on <unit> diu wadr 


<unit>_diu_data(63:0] 


64 


In 


Data from SoPEC Unit to DIU except CPU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 1 91 : 1 28 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


cpu__dataout(31 :0J 


32 


In 


Data from CPU to DIU. 


<unit>_diu_wvalid 


1 


In 


Signal from SoPEC Unit indicating that data on 
<unit> diujdata is vaJid. 


Outputs to DCU 




dau_dcu_cmdavail 


1 


Out 


Signal indicating a DAU command is available i.e. 
dau_cmd_adr t dau_cmd_iwn and dau_cmd_rBfrssh are valid 


flat l i rm/4^/4rf0 1 ■ CI 

uciu ucij_ciTKiaor[i: i .oj 


17 


Out 


Signal indicating the address for the DRAM access. This is a _ 
256-bit aligned DRAM address. 


dau_dcu_cmdrwn 


1 


Out 


Signal indicating the direction for the ORAM access (1=read 
0= write). 


dau_dcu_cmdrefresh 


1 


Out 


Signal indicating that a refresh command is to be issued. If 
asserted dau_cmd_adr and dau_cmd_nvn will be ignored. 


dau_dcu_wdata 


256 


Out 


256-bit write data to DCU 


dau_dcu__wmask 


256 


Out 


256-bit write data mask to DCU 


dau_dcu_wvalid 


17 


Out 


Signal indicating valid write data and write mask 


Inputs from DCU 




dcu_dau_cmdaccept 


1 


In 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_dau_refreshcomp!ete 


1 ; 


In 


Signal indicating that the DCU has completed a refresh. 


dcu_dau_rdata 


256 


In 


256-bit read data from DCU. 


dcu_dau_rrvalid 


1 


In 


Signal rndicating valid read data on dcu rdata 



"SZZOZ SubsyStem , bus bterface is described » more detail in Section 1 1.4.3. The DAU block will only 
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20.13.3 DAU Configuration Registers 



Table 82. DAU configuration registers 









0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
DILL 

This register can be read to indicate the 

reset state: 

\j - icoci in progr ess 

1 - reset not in progress 


0x04 


RefreshPeriod 


10 


0x000 


Background refresh controller. 
When set to 0 background refresh is off, oth- 
erwise value indicates number of cycles 
between each refresh. 


0x08 


NumMain Time slots 


7 


0x40 


MumKAr rtf main timoclrtto {(\JiA\ 


0x09 


CPUTimeslots 


4 


0x0 


CPUTimeslots out of Totammeslots are 
available for the CPU. 


OxOA 


TotalTimeslots 


4 


0x0 


CPUTimeslots out of Totammeslots are 
available for the CPU. 


0x1 00-0x1 FC 


MainTimestot 


[64][5] 


0x00 


Programmable main timeslots (up to 64 
main timeslots) 


0x200-0x208 


Sub3Timeslot 


[3]tf>] 


0x00 


Programmable sub- timeslots (3 timeslots 
timeslots) 


0x21 0-0x21 C 


Sub4TimesIot 




0x00 


Programmable sub- timeslots (4 timeslots 
timeslots) 


0x220-0x234 


Sob6Timeslot 


[6][5] 


0x00 


Programmable sub- timeslots (6 timeslots 
timeslots) 


0x300 


ReadRoundRobinLevel 


12 


0x000 


For each read requester plus refresh 

0 = level 1 of round-robin 

1 = 1evel2 of round-robin 



Each main timeslot and sub-timeslot can be assigned a SoPEC DIU requestor according to Table 83. Main 
timeslots can be assigned SoPEC units, refresh and sub-timeslots. Sub-timeslots can be assigned SoPEC 
units and refresh but not to other sub-timesiots. 



Table 83. SoPEC DIU Encoding 





mm 




None 


bOOOOO 


0x00 


Write 


cpurw) 


b00001 


0x01 


SCB 


bOOOlO 


0x02 


CDU(W) 


D00011 


0x03 


SFU(W) 


bOOlOO 


0x04 


OWU 


D00101 


0x05 


Read 


CPU(R) 


bOO110 


0x06 
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Table 83. SoPEC DIU Encoding 





CDU(R) 


boom 


0x07 


CFU 


b01000 


0x08 


LBO 


b01001 


0x09 


SFU(R) 


b01010 


OxOA 


TECTO) 


b010ll 


OxOB 


TE(TFS) 


b01100 


OxOC 


HCU 


b01101 


OxOD 


DNC 


b01110 


OxOE 


LLU 


b01111 


0x0 F 


PCU 


b10000 


0x10 


Others 


Refresh 


b10001 


0x11 


Subltimestoi 


010010 


0x12 


Sub2timeslot 


D10011 


0x13 


Sub3timeslot 


b10100 


0x14 



ReadRoundRobinLevel and ReadRoundRobinEnable registers are encoded in the bit order defined i 
Table 84. 



Table 84. Read round-robin registers bit order 





CPU(R) 


0 


CDU(R) 


1 


CFU 


2 


LBD 


3 


SFU(R) 


4 


TE(TD) 


5 


TE(TFS) 


6 


HCU ; 


7 


DNC 


8 


LLU 


9 


PCU 


10 


Refresh 


11 
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20.13.4 DJU Partition 



cpujrwT) | ► 
cpu_dru_$ef 
cpu_addrl12:2J- 
cpu_dataout(31: 
cpu_i 
cpu_fc(2:0] 



diu_cpu_data[31 ^>y<] 

diu_cpu_rdy« 
dJu_cpu_berr< 

<unlt>_d1U(_iToq- 
<unit>_diu_wroq - 



ro_ar ji 



diu_<unit>_rack^ 
<\jnit>_dlu_radrf2l :5] - 



dkj_<unrt>_wack <4 
<unit>_dicj_wadrf21 :5] _ 



cpu_addr{21:0]- 



read.cmt 
wr 



diu_cpu_data [255:0] ^ 
dlu_datat63:0]«4. 

dfu_<unit>_rvalid <■ 



cpu_dlu_data(31:0] . 
<unit>_dfu.data[63:0] . 

<unit>_diu„ 
qpu_d1u_wmaskJ1 :0] - 

cpu_addr[4:0J - 
cdu_dlu_wadr(4:3] - 



CPU 
Interface 
and 
Arbitration 
Logic 



itraSF 



uru _gnt 



Cc 



avatf L 
te_cm I. 

writ i_dathlavai! 



_avt il 



write „due{1:0] 
adr_sel 



mmand 



Ml Itiplexor 



debua_raq 

debuo__enabte 

debug_start_adr 

debug_end_adr 



acces3_lype[3:0] 



Debug 

♦ 



debupLdw_wadr(2 1 :5J 
diu_de bu g_wack 

dcdre 



dcu_cmd_a cce pt 



dau_OT>d_avail 



da u_cmd_re fresh 



dau_cmd_adr 



He 



dau_cmd_rwn 



V 



Read 
Write 
Data 
Multiplexor 



dcu_rvalid 



dcu_rdata 258, 

y~ 



dau wvalid 



dau_wdata 



256, 



:esh_coi nplete 



dau^wmask 256. 



+ 



read_adr_sel 
read_complete 



Debug 



>)write_adr_sel 
write_compl6te 



debug_wdata[255:0| 
debuguwvalid 



DRAM Access Unit (DAU) 



DRAM 
Controller 
Unit 
(DCU) 



Figure 84. DIU Partition 



eDRAM 
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20.1 3.5 CPU Interface and Arbitration Logic Sub-block 



Table 85. CPU Interface and Arbitration Logic Sub-block IO Definition 









Clocks and Resets 




pcik 


1 


In 


| System Clock 


prst_n 


1 


In 


| System reset, synchronous active low 


CPU mterrace data and control signals " 


cpu_addr(l2:2] 


11 


In 


CPU address bus. 1 1 bits are required to decode the 
address space for this block 


cpu_dataout[31 :0] 


32 


In 


Shared write data bus from the CPU 


diu_cpu_datajn[31 :0] 


32 


Out 


Read data bus from the DIU to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_fc(2:0] 


3 


In 


CPU Function Code signals. 


cpu_diu_sei 


1 


In 


Block select from the CPU. When cpu_diu_sel is high both 
cpu^addrand cpu_dataout are valid 


diu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu_cpu_rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means cpu^dataout has been registered by the block and 
for a read cycle this means the data on diu cpu datain is 
valid. 


diu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access 


DIU Read Interface to SoPEC Units ™ ~ 


<unit>_dlu_rreq 


1 


■n 


SoPEC unit requests DRAM read. 


DIU Write Interface to SoPEC Units — " 


<unit>_diu_wreq j 


1 I 


,n 


SoPEC unit requests DRAM write. 


Internal Inputs from other DAU blocks — " " 


re_arbitrate 


1 


In 


Signal telling the arbitration logic to choose the next arbitra- 
tion winner. 


debug_req 


1 


In 


DIU request signal from Debug logic. 


Internal Outputs from other DAU blocks 


debug_enable 


17 


Out 


1 = Enable OtU Debug 
0 = Disable DIU Debug 


debug_start_adr(21 :5J 


17 


Out 


DIU debug start address. 


debug_end_adr[2l :5] 


17 


Out 


DIU debug end address. 


unit_gnt 


1 


Out 


Signal lasting 1 cycle which indicates arbitration has 
occurred, indicates aoV.se/ and whte_due are valid. 


adr_sel(4:0) 


5 


Out 


Signal indicating which requesting SoPEC Unit has won 
arbitration. 
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Table 85. CPU Interface and Arbitration Logic Sub-block 10 Definition 













write_due{1:0] 


2 


Out 


write_due[0) indicates if the next arbitration winner will be a 
write access. write„due[l) indicates if the subsequent arbi- 
tration winner will be a write access. Valid on unit _gnt. 
write_due[1]\s only required where 2 cycle random ORAM 
access is possible. 




access_type[3:0] 


4 


Out 


Signal indicating the origin of the winning arbitration 
00X30= main time slot 
0001 =sub1ttmeslot 
00 1 0=sub2tim esJ ot 
001 1=sub3timeslot 

0100=sub4timeslot i 
01 01 -round-robin level 1 
01 10=round-robin Ievel2 










0111=priority 
1000==cpd round robin 



20.13.5.1 CPU Interface and Arbitration Logic Sub-block Description 

The CPU Interface and Arbitration Logic sub-block is shown in Figure 85. The CPU interface sub-block 
provides for the CPU to access DAU specific registers by reading or writing to the DAU address space. 

The CPU subsystem bus interface is described in more detail in section Section 1 1 .4.3. The DIU block will 
only allow supervisor mode read or write accesses to data space (i.e. cpu Jc[2:0] = blOl). All other 
accesses will result in diu_cpu_berr being asserted. 
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<unJt>_diiureq- 



<unit>_diu_wraq - 



Arbitration 
Logic 



re_art>ctrate 



cpu_fwn ► 
cpu_diu_se. 
cpu_addn;i2:2)- 
cpu_dataout{31:0f 
cpujc(2:0]- 

diu_cpu_data[3 1 :0J^ 

diu_cpu. 
dru_cpu_berT< 



CPU 
interface 
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Figure 85. CPU Interface and Arbitration Logic 

t^^^S U m f Signal re 'f rbitrate With the si * nal ■»*-*»' indicating that arbitration has 
occurred and the arbitration winner is indicated by adr_sel[4:0]. Arbitration should take 1 clock cycle-so 
umtjnt is asserted the clock cycle after re_arbitrate and stays high for 1 clock cycle, adr self4 0J 
remains persistent until arbitration occurs again. The arbitration timing is shown in Figure 86 * 
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Figure 86. Arbitration timing 
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sub-slots. Each of these sub-slots requires 4 entries of 5 bits and a pointer. The pointer advances along the 
sub-entries every time arbitration selects a sub-slot. Slots can also be assigned to round-robin or priority 
allocations. 

write_due[l:0] will point to timeslots 1 and 2 arbitration cycles in the future. write_duefl:OJ looks ahead 
in the arbitration and indicates if the next arbitration winner (based on currently requesting write request- 
ers) and the subsequent arbitration winner will be a write access. The write_due[l:0] functionality is 
added to allow write transactions be selected early by the command multiplexor sub-block to offset the 
latency of transferring the write data over the write data busses before the DRAM access can occur. This is 
only required for IBM DRAM. With Toshiba and Philips DRAM, the DRAM access latency masks any 
latency in transferring the write data. 

If an assigned slot is not used (because its corresponding SoPEC Unit is not requesting) then it can be re- 
assigned in a number of ways. Slots can be re-assigned using a round-robin or a priority based assignment 

Round-robin assignment can have up to 21 round-robin slots. Its implementation requires a pointer to keep 
track of the currently assigned round-robin slot. If the slot pointed to is not requesting then the next round- 
robin slot is considered and so on. Round-robin is effectively a priority assignment with the slots assigned 
a priority according to the slot order. Round-robin and priority arbitration will be calculated in a hierarchi- 
cal manner shown in Figure 87. If no round-robin slots are requesting then DRAM access is re-assigned 
according to priority. 




Figure 87. Hierarchical priority based arbitration calculation 

It may be desirable to have 2 levels of round-robin arbitration. If there is no requester in the first level, then 
the arbitration looks at the second level. If there is no second-level requester then the DRAM access is 
assigned according to priority. 
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There is a background refresh counter which is reset whenever the arbitration logic selects a refresh. If the 
refresh counter reaches refresh period [9:0] it stops counting and asserted a signal refjssue which forces 
the next arbitration winner to be a refresh. This will delay any fixed timeslot allocation by one slot. If the 
slot was being re-allocated to a non-fixed timeslot requester then refresh will win the arbitration. 

Debug can also request DIU access via the signal debugjreq. DIU debug access when enabled will obtain 
DIU access at the expense of CPU DIU slots. 



20.1 3.5.2 Arbitration of writes 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses must be arbitrated two timeslots in advance. Figure 88, which repeats the DIU write protocol 
shown in Figure 73, shows why this is necessary. 

If this were a read access, then the read address is captured by the DIU in cycle 4 and presented to the 
DRAM in cycle 5. The read access at the DRAM will start in cycle 5. This corresponds to timeslot n+2. A 
write access cannot start until all the write data is available i.e. until cycle 9. This is a 4 cycle delay. The 
write access at the DRAM will not start until cycle 11 which corresponds to the start of timeslot n+4. 
Therefore, write arbitration must occur 2 timeslots in advance and incurs an additional latency of 2 cycles. 
The exact timing of read and write accesses will be outlined in Section 20.13 Implementation. 



pclk 

<unit>_diu_wreq 
<unit>_diu_wadr[21 :5] 
diu_<unit>_wack 
<unit>_diu_data[63 :0] 
<unit>_diu_wvalid 



timeslot | n 
cycle number 





1 


2 | 3 | 4 





n+1 



n+2 



n+3 



n+4 | 



10 



11 



Figure 88. Write Protocol shown for a SoPEC Unit making a single 256-bit access 
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20.1 3.6 Command Multiplexor Sub-block 



Table 86. Command Multiplexor Sub-block IO Definition 



msmwsmm 




mm 




Clocks end Resets 


pclk 


i 


In 


System Clock 


prst_n 


1 


in 


System reset, synchronous active low 


DIU Read Interface to SoPEC Units 


<unit>_diu_radr(21 :5] 


17 


In 


Read address to DIU 

17 bits wide (256-bit aligned word). 


dtu_<unit>_rack 


1 


Out 


Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 
<unit>_diu_radr 


DIU Write Interface to SoPEC Units 


<unft>_diu_wadrt21 :5] 


17 


In 


Write address to DIU except CPU, SCB, CDU 
17 bits wide (256-bit aligned word) 


cpu_addr(21 :0] 


22 


In 


CPU Write address to DIU 

22 bits wide (6-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 


cdu_diu_wadr{21:3] 


19 


In 


CDU Write address to DIU 

19 bits wide (64-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 


diu_<unit>_wack 


1 


Out 


Acknowledge from DIU that writ© request has been 
accepted and new write address can be placed on 
<unit>_diu_ wadr 


debug_diu_wadr(21 :5] 


17 


In 


Debug write address to DIU 

17 bits wide (256-bit aligned word) 


diu_debug_wack 


1 


Out 


Acknowledge from DIU that debug write request has been 
accepted and new write address can be presented. 


Internal Inputs 


unit_gnt 


1 


In 


Signal lasting 1 cycle which indicates arbitration has 
occurred. 


adr_sel[4;0] 


5 


In 


Signal indicating which requesting SoPEC Unit has won 
arbitration. 


write_due[1 :0) 


2 


In 


write_due{0} indicates if the next arbitration winner will be a 
write access. write_due[1J indicates if the subsequent arbi- 
tration winner will be a write access. Valid on unit^gnt 
write_due[1] is only required where 2 cycle random DRAM 
access is possible. 


read_cmd_avail 


1 


In 


Signal indicating that command multiplexor can issue read 
accesses. 


write_cmd_avail 


1 i 


In 


Signal indicating that command multiplexor can issue write 
accesses. 


write_data_avail 


1 


In 


Signal indicating that valid write data is available for the cur- 
rent command. 


Internal Outputs 


re_arbitrate 


1 


Out 


Signalling telling the arbitration logic to choose the next arbi- 
tration winner. 


Signals from DCU 


dcu_cmd_accept 


1 


In 


Signal indicating that the DCU has accepted a valid com- 
mand from the DAU. 
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Table 86, Command Multiplexor Sub-block IO Definition 



signals to DCU 

dau_cmd_avail 


1 


Out 


Signal indicating a DAU command is available i.e. 
dau__cmd_adr, dau_cmd_rwn and dau cmd refresh are 
valid. 


dau_cmcLadr(21:5] 


17 


Out 


Signal indicating the address for the DRAM access. This is a 
256-bit aligned DRAM address. 


dau_cmd_rwn 


1 


Out 


SignaJ indicating the direction for the DRAM access 


dau_cmd_refresh 


1 


Out 


Signal indicating that a refresh command is to be issued. Jf 
asserted cmd_adrar\d cmd^rwn will be ignored. 



20.13.6.1 DAU-DCU Interface Description 

dau_cmd avail indicates that the Command Multiplexor has a valid command to issue. When 
daucnd.avad ,s asserted the s.gnals dau_cmd_adr[2l:SJ, dau_cmd_r»n and dau_cmd_r e fresh are valid 
i VT 6 ^.T^ dau - cmd -™» will not be asserted until the Read-Write Data Multi- 

address WntC <lata t0 SUPPly> iDdiCated by "I*-*"'-?"*. « well as a valid write 

The DCU indicates that it has accepted a command by asserting dcu_cmd_accept for 1 cycle This indi- 
cates to the Command Multiplexor that it can supply a new command to the DCU. The DCU cannot assert 
dcu^cmd accept until the Command Multiplexor presents a valid command as indicated by 



20.13.6.2 Command Multiplexor Sub-block Description 

I h S£ 0 ET I ™ h f? or ^b-block issues read, write or refresh commands to the DCU, according to the 
mfaSS " I , ° r !?™ M * ccess * the titration logic. The command multiplexor also si^s 
the arbitration logic to perform arbitration to select the next SoPEC Unit for eDRAM access. Re-arbitra- 

commtd. C ' m * WhCn indiCat6S ° n dcu - cmd - acce P< ^at it has accepted the previous 

A state-machine for the command multiplexor is shown in Figure 90. 
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ArbitrationEnable=0 



Arbitration Enable = 0 




Arbitration Enabfe = 1 



Figure 90. Arbitration and Address Transfer state-machine 
The states in Figure 90 are defined as follows: 
Table 87. Command Multiplexor state description 





w i > & w&ffltsEtr* inform i mi &w 


IDLE 


Controller goes to this state on reset and when ArbitrationEnable is 
de-asserted. 


RE-ARB 


When ArbitrationEnable is asserted and there is a DRJ requester, 
assert rejarbitrate so Arbitration Logic will select source of next 
DRAM access indicated by adr_sel 


ACK 


Send acknowledge to source of next DRAM access indicated by 
adr_sel. 


ADR 


Receive DRAM address from source indicated by adrjsel and in 
the next cycle place it in command queue along with adrjseL 



In the ACK and ADR states of Figure 90, the signal adr_sel is used to multiplex between the SoPEC Units 
to capture the eDRAM address of the winning requester, as illustrated in Figure 91 . The winning address is 
written into a command queue together with adr_sel. If the winning requester is refresh then no address is 
written into the command queue. 
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SoPEC Unit 2 



COMMAND MULTIPLEX SUB-BLOCK 



adr 



ack 



command 
^multiplexor 



command 
queue 



1 


2 


3 








control 



cmd 

issuing 

logic 



dau_cmd_avail 



dau_cmd_adr 



dau_cmd_rwn 



dau_cmd refresh 



write_data_avail 




DRAM 

Controller 

Unit 



COMMAND MULTIPLEXOR 
STATE-MACHINE 



re_arbitratfon 
logic 



re_arbitrate 
unit_gnt 
• adr_sel[4:0] 
write_due[1 :0] 
wrtte_cmd_avail 
read_cmd_avarl 



Figure 91. Command multiplexor sub-block 

The command at the head of the command queue drives the command issuing logic which generates the 
signals required by the DRAM Controller Unit. The validity of the command is indicated by 
dau_cmd_avail The commands are captured by the DCU by a dcu_cmd ^accept strobe lasting 1 cycle 
This signal also causes the command queue FIFO to be popped so that the next command is available to be 
be captured by the DCU. For a write command, dau^cmd^avail will not be asserted until there is also valid 
wnte data present. This is indicated by the signal write _data_avail from the Read-Write Data Multiplexor. 
Normally, the command queue will only have one filled location i.e. dcu_cmd_accept will cause a com- 
mand to be captured by the DCU and re-arbitration will be kicked off so as to provide the next command 
to the DCU in time for the next dcu_cmd_accept strobe. This is true for read and refresh commands The 
timing is shown in Figure 92. It is assumed there is a pipeline delay between dcu_cmd_accept and 
re_arbitrate and a further pipeline delay between the address received from the SoPEC Unit and the 
address the DAU issues to the DCU. 

For refresh commands: 

re_arhl trace <=* dcu_cwd_accept AND (command queue not full) . 

For read commands which use the shared read bus, we must also ensure that the read multiplexor logic is 
available to transmit the read data to the SoPEC read requester. This is indicated by the signal 
read_cmd_avail which provides flow control from the read data multiplexor logic. So for read commands- 
ro^arbxtrato <= dcu_cmd_accept AND (command queue not full* AND 

( ( <cmd_adr_sel » shared read bus access) AND read_cmd_avail) 

OR (cmd_adr_sel e CPU)) 
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A shared read bus access is any read access except the CPU, 



pclk|~ [ 
dcu_cmd_accept 
re__arbitrate 

unit_gnt/ack 

adr 

command_queue 1 
command_queue2 
dau_cmd_adr 



1 


2 


3 


1 


2 


3 



Figure 92. Command Multiplexor sub-block timing for 2 cycle DRAM access read and refresh 

accesses 

In the case of a write command, the write data must be transferred from the SoPEC requester before the 
write can occur. Arbitration should occur early to allow for any delay for the write data to be transferred. 
Figure 73 indicates that write data transfer over 64-bit busses will take a further 5 cycles after the address 
is transferred The arbitration logic produces the signals write_due[OJ and write_due[l] which point to 
timeslots I and 2 arbitration cycles in the future to indicate in advance future write accesses. 

For Toshiba and Philips 8 or 9 cycle DRAM write access no such future write arbitration is required- In 
that case 

re^arbi trace <= dcu_cmd_^accept AND (command Queue not full) AND ( ( ( cmd_adr_sBl = shared 
read bus access) AND read^avail) OR ( (cmd_adr_sel = write access) AND write^cmd_avail) ) . 

For 2 cycle random DRAM access and 5 cycle write data transfer latency both write_due[0] and 
write_duef]J are required The command queue must be sized at 3 deep. If the timeslot sequence for 
DRAM access is a read, followed by a write, followed by a write, then arbitration should occur to select 
the read access immediately followed by re-arbitration twice more to select the future write accesses. The 
condition for re-arbitration in advance of the write access is 

re_arbi Crate <= (command queue not full) AND wri to^cmd_avail AND (wri te_duef07 OR 
write_duo[l) ) . 

write_cmd__avail provides flow control from the write data multiplexor logic. 
Open Issue 

The mechanism described here only pre-empts write accesses indicated by write_due[1 :0] based on fixed 
timeslot allocation. If a write access is selected based on un-used timeslot re-allocation then it will intro- 
duce a latency in the access stream. One possibility to only disallow un-used timeslot allocation in the case 
of write accesses. An alternative is to use 256-bit data busses to transfer write data but this is likely to 
cause an increase the area of the DIU and/or decrease the chip wiring utilization. Another possibility is to 
have separate un-used timeslot reallocation logic for write accesses associated with write_due[l;0] i.e. 
write requests are always only considered 1 or 2 arbitration cycles in the future. In this case there is effec- 
tively a different time window for considering write requests and read requests. 
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20.1 3.7 Read and Write Multiplexor Sub-block 



Table 88, Read and Write Multiplexor Sub-block IO Definition 





Mmimmmmmmmmmm 


Clocks and Resets 






pcik 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


DIU Read Interface to SoPEC Units 


diu_dataJ63:0) 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_cpu_datal255:0] 


256 


Out 


256-bit data from DIU to CPU. 


diu_<unit>_rvalid 


1 


Out 


Signal from DIU telling SoPEC Unit that valid read data is on 
the dlujdata bus 


DIU Wrfte Interface to SoPEC Units ■ ** ~ 


<unit>_diu_data[63:0J 


64 


In 


Data from SoPEC Unit to DIU except CPU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :1 28 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


cpu_diu_data(31:0] 


32 


In 


Data from CPU to DIU. 


cpu_addr[4:0] 


5 


In 


Lower bits of CPU Write address to indicate which byte 
within the 256-bit DRAM word is selected. 


cpu_diu_wmask{1 :0] 


2 


In 


Rag indicating format of CPU write to DRAM 

cpu_diu_wmask = "00": 8-bit write i 
cpu_diu_wmask = "01": 16-bit write 
cpu_diu_wmask = "10": 32-bit write 
cpu_ diu_ wmask = "11"; reserved 

cpu_addi[2:Q] are driven in accordance with the width of the 
data access indicated by cpu_diu_wmask. Addresses can- 
not cross a 256-bit word DRAM boundary. 


<u ni t>_d iu_wvaJ id 


1 


In 


Signal from SoPEC Unit indicating that data on 
<unit>_diu_data is valid. 


Internal Inputs " ■ 


unit_gnt 


1 


In 


Signal lasting 1 cycle which indicates arbitration has 
occurred. 


adr_sel[4:0] 


5 


In 


Signal indicating which requesting SoPEC Unit has won 
arbitration. 


Internal Outputs 




read_cmd_avail 


1 


Out 


Signal indicating that command multiplexor can issue read 
accesses. 


write_cmd_avail 


1 


Out 


Signal indicating that command multiplexor can issue write 
accesses. 


write_data_avaii 


1 


Out 


Signal indicating that valid write data is available for the cur- 
rent command. 


DCU Inputs " — ■ — 


dcu_rdata 


256 


In 


256-bit read data from DCU. 


dcu_rrva!id 


1 


In 


SignaJ indicating valid read data on dcu_rdata. 


DCU Outputs — " 
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Table 88. Read and Write Multiplexor Sub-block IO Definition 







mm 




dau.wdata 


256 


Out 


256-bit write data to DCU 


dau_wmask 


256 


Out 


256-bit write data mask to DCU tor IBM DRAM (byte masks 
are used for Philips and Toshiba DRAM). 


dau_wvalid 


17 


Out 


Signal indicating valid write data and write mask. 


Debug signals 


debug_wdata 


256 


In 


256-bit debug write data 


debug_wvaJkJ 


1 


In 


256-bft debug write data valid 


read_adr_sel[4:0] 


5 


Out 


Signal indicating the SoPEC Unit for which the current read 
transaction is occurring. 


read_complete 


1 


Out 


Signal indicating that read transaction to SoPEC Unit indi- 
cated by rBad_adr_set is complete. 


write_adr_sel[4 :0) 


5 


Out 


Signal indicating the SoPEC Unit for which the current write 
transaction is occurring. 


write_comptete 


1 


Out 


Signal indicating that write transaction to SoPEC Unit indi- 
cated by write_adr_$el is complete. 
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20.13. 7. 1 Read Multiplexor logic description 



dcu_rvafid 



dcu rdata 



uniLgnt 



adr sef 



256, diu_cpu_data 



1 2 



rvalid 



258, 

7^* 



64 


64 


64 


64 


64 


64 


64 


64 " 




diu_data 



64, 



64, 



diu^data 



read data buffer 



4h 



rvalid 



SoPEC Unit t 



diu_data 
+ 



rvalid 



SoPEC Unit 2 



diu_data 



rvafid 



SoPEC Unitn 



Read Control Logic 



Figure 93. Read multiplexor logic 

There are 2 read channels - one for the CPU and a shared read bus for the rest of SoPEC. The shared read 
bus has buffering for 2 times 256-bits of read data i.e 256-bits of data can be received from the DCU while 
data is being transferred over the 64-bit shared read bus to the SoPEC Units. Once a read address is issued 
by the arbitration logic the adr_?el[4:0] value is put into a read command queue in the read control logic 
The queued adrjsel[4:0] values allow the dcu_rvalid and read data from the DCU to be directed to the 
correct source. In the case of the CPU bus dcu_rvalid and dcu_data can be multiplexed by the 
adr_;el[4:0] value at the head of the FIFO directly to the CPU. If the incoming data goes over the shared 
read channel then the data is stored in a 2 deep 256-bit read data buffer and output over 4 cycles to the 
SoPEC requester when the previous transaction on the shared read bus is complete." 

The depth of the adr_sel[4:0] read command queue is 2. When the queue is full no further adr_sel[4 Q] 
can be accepted and no further read commands can be issued by the command multiplexor to the DCU 
This provides flow control back to the re-arbitration logic in the command multiplexor. The signal 
read_cmd_avail indicates that spaces are available in the read command queue 

The 2 deep command queue and the double data buffer means that the access rate will be limited to which 
ever takes longer - DRAM access or transfer of read data over the shared read data bus. Some extra logic 
may need to be added to time the assertion of read_cmd„avail so that the read latency is kept to a mini- 
mum. 
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20.13.7.2 Write Multiplexor logic description 



cpu_diu„wdata 

cdu_diu_wdata 64^ 
. y- 



SoPEC Unit 1 


<unit>_diu_data fc 


wvalid^ 






<uAit> diu data 


SoPEC Unit 2 




1 wvalid 




<unit> diu data 




SoPEC Unit 3 


, J wvalid ^ 







64, 



\ 



<4 V 



€4 



61 



write data buffer 
^ 1 2 3 



1 



64 


64 


64 


64 


64 


64 


64 


64 


64 


64 


64 


64 



25$, wdata 




256, wmask^ 



wvalid 



Figure 94. 

Once a write address is issued by the arbitration logic, the adr_sel[4:0] value is put into a write command 
queue FIFO in the write control logic. The queued adrjsel[4:0] values allow the wvalid and write data 
from the SoPEC requester to be multiplexed to the DCU. The write multiplex logic is duplicated 2 times to 
provide two overlapping write channels. If 256-bit write data busses are used then a single write channel 
which can be shared by CPU is all that is required. 

The depth of the adr_sel[4:0] queue is 3. When the queue is full no further adr _jel[4:0] values from the 
CPU Arbitration block will be accepted. This provides flow control back to the re-arbitration logic in the 
Command Multiplexor sub-block. The 2 channels cannot select the same SoPEC write requester. 
write jcmdjxvail is asserted whenever there is a space in the queue. There are 2 write pointers and 1 read 
pointer. Each of the channels has a write pointer associated with it. write _data_avail indicates that valid 
write data is available to be issued along with the address the command multiplexor will issue. 

There are 2 special cases for write accesses - CPU writes and CDU writes. 

CPU writes 

In the case of CPU writes the CPU write data bus is only 32-bits wide. cpu_diujwmask[i :0] indicates how 
many bits have to be written: 8, 16 or 32-bits. The associated address cpu_addr[21 :0] is a byte aligned 
address. The actual DRAM write must be a 256-bit access. The command multiplexor issues the 256-bit 
DRAM address cpu_addr[21 :5J. cpu_addr[4:0] and cpujdiu_wmask[l :0] are used to calculate the bit 
write mask wmask[255:0] for the write access. 
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8-bit write: cpu_diu_wmask{l:0) = '00': 

bits a'cpu_ a ddrf4.0; to fJ^fcp^ddr^.o;*.!, -l, of *mask ( 2SS:0i are asserted 
CDU writes 

^!!!t?? V ^ ° f 4 6441,3 ° f Write *** t0 «-Wt5 of the 256-bit DRAM 

address indicated by cdu diu_ W adr[21:3] and the 3 subsequent 256-bit DRAM words. If these 4 DRAM 

Sf iT 6 T C DRAM ^ ^ 3,1 efficient acCeSS wU1 be obtained - ™ e conunand^l^r 
log.c must issue 4 successive accesses to 256-bit DRAM addresses cdu diu wadrf21-5J +/ +2 +J 

ZH A f J !5 JS*?" 1 i.e. bits 64^u i ni/^ £ 

(64*(cdu_dm__wadr[4:3]+l) -1) are asserted. " ' y 10 
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20.13.8 D1U Debug Sub-Block 

TabDett. DIU ug Sub-block 10 Definition 











crocks and Resets 


pclk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface and Arbitration Logic 


debug^enable 


1 


In 


1 = Enable DIU Debug 
0 = Disable DIU Debug 


debug_start_adr[21 :5] 


17 


In 


DIU debug start address. 


debug_end_adr(21 :5] 


17 


In 


DIU debug end address. 


debug_req 


1 


Out 


DIU request signal from Debug logic. 


<unit>_diu_rreq 


1 


In 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


unit_gnt 


1 


In 


Signal lasting 1 cycle which indicates arbitration has 
occurred. Indicates adr^sel and write_due are valid. 


adr_sel[4:0] 


5 


In 


Signal Indicating which requesting SoPEC Unit has won 
arbitration. 


access_type!3:0] 


4 


In 


Signal indicating the origin of the winning arbitration 

O000=maintimestot 

0001=subltimeslot 

0010=sub2timeslot 

001 1=sub3times!ot 

0100=ssub4timeslot 

0101=round-robin level 1 

011Q=round-robin Ievel2 

0111=priority 

100O=cpd round robin 


DRAM Control Unit 


dcu_/efresh_complete 


1 


In 


Signal indicating that the DCU has completed a refresh. 
Exact timing needs to be defined. 


Read Write Data Multiplexor 


debug_wdata 


256 


Out 


256-bit debug write data 


debug^wvalid 


1 


Out 


256-bit debug write data valid 


read_adr_selI4 :0J 


5 


In 


Signal indicating the SoPEC Unit for which the current read 
transaction is occurring. 


read_complele 


1 


In 


Signal indicating that read transaction to SoPEC Unit indi- 
cated by read_adr_sel is complete. 


write^adr_sel[4:0] 


5 


In 


Signal indicating the SoPEC Unit for which the current Write 
transaction is occurring. 


write_complete 


1 


In 


Signal indicating that write transaction to SoPEC Unit indi- 
cated by write_adr_sel is complete. 



External visibility of the DIU must be provided for debug purposes. To allow this special debug logic is 
added to the DIU. When DIU debug is enabled by debug ^enable, the DIU debug sub-block will collect 
debug data. The DIU debug sub-block will itself have a 256-bit double buffer interface to the DIU. When 
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256-bits of debug data have been collected then the DIU debug sub-block will request access to DRAM by 
asserting debug_req. When the request is acknowledged on diu_debug_wadc the DIU debug circuit will supply a 
write address, 256-bits of write data and a write valid. The arbitration logic will give the DIU Debug priority over CPU 
slots. This means the Debug 256-bit double-buffer will never overflow and debug will not affect the access of other 
blocks except the CPU (but this should not be important as debug will request with a low frequency and there are 
many timeslots assigned to the CPU). The DIU Debug circuit will generate a write address by incrementing (and 
wrapping around) between debug_?tart_adr[21:5] and debug_end_adr[2 1:5], 

Two kinds of debug information seem sensible to gather 

a. The order and source of DIU requesters winning. This is obtained by storing adrjsel[4:Q] 
along vrithihcaccess_type[3:0J every time unit _gnt is asserted 

b. The time between a DIU requester requesting an access and completing the access. This infor- 
mation is obtained by having a counter for each DIU requester. The counter is reset and starts 
counting when the Unit starts requesting. The count is reset when the read or write access is 
complete as indicated by read_complete AND read_adr_se!{4:0J OR write_complete AND 
write^adr^sel[4:0]. When refresh is complete this is indicated by dcu_refresh_complete. Typi- 
cally most SoPEC DIU requesters require an access every 256 cycles so a 10-bit counter is suf- 
ficient for most requesters. HCU and TE(TFS) require only a few accesses per line so in this 
case 15-bit counters are adequate. The count is returned along with the index of the SoPEC 
Unit. 

The two kinds of debug information need to be both written to the DRAM debug channel. This can be 
achieved by filling separate 256-bit double buffers' with the 2 sources of information. Each 256-bit word 
may contain un-used bits depending on the packing. The first bit of each 256-bit debug word will indicate 
which of the two kinds of debug information is contained therein (0 for a, 1 for b above). 
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21 PEP Controller Unit (PCU) 



21.1 Overview 

The PCU has three functions: 

• The first is to act as a bus bridge between the CPU-bus and the PCU-bus for reading and writing PEP 
configuration registers. 

• The second is to support page banding by allowing the PEP blocks to be reprogrammed between bands 
by retrieving commands from DRAM instead of being programmed directly by the CPU. 

• The third is to send register debug information to the RDU, within the CPU subsystem, when the PCU 
is in Debug Mode. 



21.2 Interfaces between PCU and other units 



XXX_pcu_rdy - 
XXX_pcu_data . 



CPU 



pcu_XXX_sel «4_ 
pcu_dataout -4- 
pcu_adr +- 
pcu_rwn 4- 



12, 
7 





cpu_adr 1 








± ! 






cpu_dataout ' 






4- 


pcu_cpu_dala 


' 32, 


-> 




cpu_rwn 








cpu_pcu_sel 




-> 


«- 


pcu_cpu_rdy 








cpu_aeode 








pcu_cpu_berr 






4- 


pcu_cpu_debug_ valid 







X4. 



CDU 



LBD 



cdu_ftnishedband 



TE 



fc>d_finishedband 



state 
machine 



64/' ,'17 



5 



i 



DRAM 
interface 



T t 



te.finishedband 



end of band 
unit 



PEP controller unit 



Interrupt Controller Unit J 
(ICU) J 



Figure 95. Block diagram of PCU 



21.3 BUS BRIDGE 



The PCU is a bus-bridge between the CPU-bus and the PCU-bus. The PCU is a slave on the CPU-bus but 
is the only master on the PCU-bus. See Figure 13 on page 39. 
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21.3.1 CPU accessing PEP 

All the blocks in the PEP can be addressed by the CPU via the PCU. The MMU in the CPU-subsystem 
will decode a PCU select signal, cpu_pcujsel> for all the PCU mapped addresses (see section 11.4.3 on 
page 70). Using cpujadr bits 15-12 the PCU will decode individual block selects for each of the blocks 
within the PER The PEP blocks then decode the remaining address bits needed to address their PCU-bus 
mapped registers. Note: the CPU is only permitted to perform supervisor-mode data-type accesses of the 
PEP, i.e. cpu_acode = 11. If the PCU is selected by the CPU and any other code is present on the 
cpujacode bus the access is ignored by the PCU and the pcu_cpu_berr signal is strobed, 

CPU commands have priority over DRAM commands. When the PCU is executing each set of four com- 
mands retrieved from DRAM the CPU can access PCU-bus registers. In the case that DRAM commands 
are being executed and the CPU resets the CmdSource to zero, the contents of the DRAM CmdFifo is 
invalidated and no further commands from the fifo are executed. The CmdPending and NextBandCmdEn- 
able work registers are also cleared. 

21.4 Page banding 

The PCU can be programmed to associate microcode in DRAM with each finishedband signal. When a 
finishedband signal is asserted the PCU will read commands from DRAM and execute these commands. 
These commands are each 64-bits (see Section 21.8.5) and consist of 32-bit address bits and 32 data bits 
and allow PCU mapped registers to be programmed directly by the PCU. 

If more than one finishedband signal is received at the same time, or others are received while microcode 
is already executing, the PCU will hold the commands as pending, and will execute them at the first oppor- 
tunity. 

Each microcode program associated with cdu Jinishedband t Ibd Jinishedband and te Jinishedband would 
simply restart the appropriate unit with new addresses - a total of about 4 or 5 microcode instructions. As 
well, or alternatively, pcu Jinishedband can be used to set up all of the units and therefore involves many 
more instructions. This minimizes the time that a unit is idle in between bands. The pcu Jinishedband con- 
trol signal is issued once the specified combination of CDU, LBD and TE (programmed in BandSelect- 
Mask) have finished their processing for a band. 

21.5 Interrupts, address legality and security 

Interrupts are generated when the various page expansion units have finished a particular band of data 
from DRAM. The cdu Jinishedband, Ibd Jinishedband and te Jinishedband signals are combined in the 
PCU into a single interrupt pcu Jinishedband which is exported by the PCU to the interrupt controller. 

The PCU mapped registers should only be accessible from Supervisor Data Mode. The area of DRAM 
where PCU commands are stored should be a Supervisor Mode only DRAM area. Configuration register 
address legality is not enforced by the MMU i.e. the MMU does not check if the block address points to a 
valid PEP subsystem block. When the PCU is executing commands from CPU, any block-address decoded 
from a command which is not part of the PEP block-address map will cause the PCU to ignore the com- 
mand and strobe the pcu Jnvalidjxddress interrupt signal. The CPU can then interrogate the PCU to find 
the source of the illegal command. 

When the PCU is executing commands from DRAM, any address decoded from a command which is not 
part of the PEP address map will cause the PCU to: 

•' Cease execution of current command and flush all remaining commands already retrieved from 
DRAM. 

* Clear CmdPending work-register. 

• Clear NextBandCmdEnable registers. 
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• Set CmdSource to zero. 

In addition to cancelling all current and pending DRAM accesses the PCU strobes the 
pcujnvalid_address interrupt signal. The CPU can then interrogate the PCU to find the source of the ille- 
gal command. 



When the need to monitor the (possibly changing) value in any PEP configuration register the PCU may be 
placed in Debug Mode. This is done via the CPU setting certain Debug Address and Debug Enable regis- 
ters within the PCU. Once in Debug Mode the PCU continually performs read accesses of the target PEP 
configuration register (following the protocol detailed in Section 21.8.2) and sends the read value to the 
RDU. Debug Mode has the lowest priority of all PCU functions: if the CPU wishes to perform an access or 
there are DRAM commands to be executed they will interrupt the Debug access, and the PCU will resume 
Debug access once a CPU or DRAM command has completed. 



21.6 



Debug Mode 
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21.7 Implementation 

21.7.1 Definitions of I/O 



Table 90. PCU Port List 



WEfflgBBK&i 


SHSB 




Clocks and Resets 








pdk 


i 


In 


SoPEC functional clock 


prst_n 


1 


In 


Active-low, synchronous reset in pclk domain 


End of Band Functionality 


cdu_finishedband 


1 


In 


Finished band signal from COU 


lbd_finishedband 


1 


In 


Finished band signal from LBD 


te.finishedband 


1 


In 


Finished band signal from TE 


pcu_finishedband 


1 


Out 


Asserted once the specified combination of CDU, 
LBD, and TE have finished their processing for a 
band. 


PCU address error 


pcujcu_addressjnvalid 


1 


Out 


Strobed if PCU decodes a non PEP address from commands 
retrieved from DRAM or CPU. 


CPU Subsystem Interface Signals 


cpu_adr[15:2] 


14 


In 


CPU address bus. 14 bits are required to decode the address 
space for the PEP. 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


pcu_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1:0J 


2 


in 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11- Supervisor data access 


cpu_pcu_sei 


1 


In 


Block select from the CPU. When cpujpcu_sel is high both 
cpu_adr and cpu_dataout are vaJid 


pcu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When pcujcpu_rdy is high it indicates 
the last cycle of the access. For a write cycle this means 
cpu_dataout has been registered by the block and for a read 
cycle this means the data on pcu_cpu_data is valid. 


pcu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


pcu_cpu_debugL_valid 


1 


Out 


Debug Data valid on pcu_cpu_data bus. Active high. 


PCU Interface to PEP blocks 


pcu_adr{ 11:2] 


10 


Out 


PCU address bus. The 1 0 least significant bits of cpu_adr[15:2] 
allow 1024 32-bit word addressable locations per PEP block. 
Only the number of bits required to decode the address space 
are exported to each block. 


pcu_dataout[31 :0J 


32 


Out 


Shared write data bus from the PCU 


<unit>_pcu_datain(31 :0] 


32 


In 


Read data bus from each PEP subblock to the PCU 


pcu_rwn 


1 


Out 


Common read/not-write signal from the PCU 
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Table 90. PCU Port List 







m 




pcu_<unit>_sel 


1 


Out 


Block select for each PEP Work frnm th*» Pf*l 1 
Decoded from the 4 most significant bits of cpu_adr{15:2]. 
When pcu_<unit>_sel \s high both pcu_adran6 pcu_dataout 
are valid 


<unit>_pcu.jdy 


1 


In 


Ready from each PEP block signal to the PCU. When 
^ M, "*-%_>« r *^'_'«x '** myn ii liiuiuiici ine lasi cycje oi tne access. 
For a write cycle this means pcu_dataout has been registered 
by the block and for a read cycle this means the data on 
<unit>jycu_ da tain is valid. 


DIU Read Interface signals 








pcu_diu_rreq 


1 


Out 


PCU requests DRAM read. A read request must be accompa- 
nied by a valid read address. 


pdJ_diu_radr(21 :5) 


17 


Out 


Read address to DJU 

17 bits wide (256-bit aligned word). 


diu_pcu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on pcu_diu_radr 


diu_data[63:0] 


64 


In 


Data from DIU to PCU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_pcu_rvalid 


1 


In 


Signal from DIU teliing PCU that vafid read data is on the 
diu^data bus 
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21.7.2 Configuration Registers 



Table 91. PCU Configuration Registers 









m 




Control registers 




0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the PCU. 
This register can be read to indicate the reset 
state: 

0 - reset In progress 

1 - reset not in progress 


0x04 


CmdAdr{21:5] 
(256-bit aligned DRAM 
address) 


17 


0x00 
000 


The address of the next set of commands to 
retrieve from DRAM. 

When this register is written to. either by the CPU 
or DRAM command, 1 is also written to Cmd- 
vwu'w u* uiusq uie exccuuon ui ine oominanos 
at the specified address. 


0x08 


BandSelectMask[2:0] 


3 


0x0 


Selects which input finishedBand flags are to be 

watched to generate the combined finishedAII- 

Band signal. 

BitO « lbd_finishedband 

tsin - cau_nnJsneoDano 

Bit2 - tejinishedband 


OxOC, 0x10. 
0x14, 0x16 


NextBandCmdAdr(3:0][21 :5] 
(256-bit aligned DRAM 
address) 


4x17 


0x00 
000 


The address to transfer to CmdAdr as soon as 
possible after the next ftnishedBand[n] signal has 
been received as long as NaxtBandCmdEnablefn] 
is set 

A write from the PCU to Next8andCmdAdr{n]yv\Xh 
a non-zero value also sets NextBandCmdEna- 
btefn]. A write from the PCU to NextBandCm- 
dAdifnJwih a 0 value clears 
NextBandCmdEnab!e[nl 


0x20 


CmdSource 


1 


0x0 


0 - commands are taken from the CPU 

1 - commands are taken from the CPU as well as 
DRAM at CmdAdr. 


0x24 


DebugSelect{15:2] 


14 


0x00 
00 


Debug address select. Indicates the address of 

the register to report on the pcu_cpujdata bus 

when it is not otherwise being used, and the PEP 

bus Is not being used 

Bits [15:12] select the unit (see Table 92) 

Bits [1 1 :2] select the register within the unit 


Work registers (read only) 


0x28 


lnva[idAddress[21:3J 
(64-bit aligned ORAM 
address) 


19 


0 


Address of illegal 64-bit command in DRAM. 
Only valid when pcu_icu_addres$Jnvalid has 
been strobed. (64-bit aligned address) 


0x2C 


CmdPending 


4 


0 


For each bit: 

0 - no commands pending tor Next5andCmd[n] 

1 - commands pending for Next Band CmdAdr[n] 
Read only register. 
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Table 91. PCU Configuration Registers 





Bill 




m 


Si 


maBWBBm 


1 


0x34 


RnlshedSoFar 


3 


0x0 


The appropriate bit is set whenever the corre- 












sponding input finished Band flag is set and the 












corresponding bit in the BandSelectMask bit Is 












also set. 












» an riiiibneaoorar uns are sei wnerever tjano- 












Select bits are also set r all FlntshedSoFar bits are 












cleared and the output finish edAHBand signal is 












given. 












Read only register. 


1 


0x8 


NextBandCmdEnabte 


4 


0x0 


This register can be written to indirectly (i.e. the 
bits are set or cleared via writes to NextBandCm- 
dAdrfn]) 
For each bit: 

0 - do nothing at the next finishedBand[n] signal. 

1 - Execute instructions at NextBandCmdAdrfn] 
as soon as possible after receipt ot the next fin- 
ishedBandfn] signal. 

BitO - lbd_finishedband 
BUI - cdu_finishedband 
Bit2 - tejinishedband 
Bit 3 - finishedAHBand 
Read only register. 



21 .8 Detailed description 



21.8.1 PEP Blocks Register Map 

All PEP accesses are 32-bit register accesses. 

From Table 92 it can be seen that four bits only are necessary to address each of the sub-blocks within the 
PEP part of SoPEC. Up to 14 bits may be used to address any configurable 32-bit register within PER This 
gives scope for 1024 configurable registers per sub-block. This address will come either from the CPU or 
from a command stored in DRAM. The bus is assembled as follows: 

• adr[15:12] = sub-block address 

• adr[n:2] = 32-bit register address within sub-block, only the number of bits required to decode the reg- 
isters within each sub-block are used. 



Table 92. PEP blocks Register Map 







PCU 


0x0 


CDU 


0x1 


CFU 


0x2 


LBD 


0x3 


SFU 


0x4 


TE 


0x5 


TFU 


0x6 


HCU 


0x7 


ONC 


0x8 
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Table 92. PEP blocks Register Map 




DWU 



0x9 



LLU 



OxA 



PHI 



OxB 



Reserved 



OxC to OxF 



21 .8,2 Internal PCU PEP protocol 

The PCU performs PEP configuration register accesses via a select signal, pcu_<b!ock>_sel. The read/ 
write sense of the access is communicated via the pcu_rwn signal (1 = read, 0 = write). Write data is 
clocked out, and read data clocked in upon receipt of the appropriate select-read/write-address combina- 
tion. 



Write 



Read 



run 



pcu_adr[l3:2] fc^s^| PEP address 



PEP address 



pcu_rwn 



pcu_<b!ock>_sel 
<block>_pcu_rdy 



pcu_dataout[31:0] s^^s PEP data 
pcu_<b1ock>_sel 



<biock>_pcu_rdy 



<btock>_pcu_data t 3i:o] K^^^^^N^^^^^^^N^^^^ pep*** 



Figure 96. PCU accesses to PEP registers 

Figure 96 shows a write operation followed by a read operation. The read operation is shown with wait 
states while the PEP block returns the read data. 

For access to the PEP blocks a simple bus protocol is used. The PCU first determines which particular PEP 
block is being addressed so that the appropriate block select signal can be generated. During a write access 
PCU write data is driven out with the address and block select signals in the first cycle of an access. The 
addressed PEP block responds by asserting its ready signal indicating that it has registered the write data 
and the access can complete. The write data bus is common to all PEP blocks. 

A read access is initiated by driving the address and select signals during the first cycle of an access. The 
addressed PEP block responds by placing the read data on its bus and asserting its ready signal to indicate 



Doc: SoPEC_Jiardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 257 



SoPEC : Hardware Design 



to the PCU that the read data is valid. Each block has a separate point-to-point data bus for read accesses to 
avoid the need for a tri-stateable bus. 



21.8,3 PCU DRAM access requirements 

The PCU can execute register programming commands stored in DRAM. These commands can be exe- 
cuted at the start of a print run to initialize all the registers of PEP. The PCU can also execute instructions 
at the start of a page, and between bands. In the inter-band time, it is critical to have the PCU operate as 
fast as possible. Therefore in the inter-page and inter-band time the PCU needs to get low latency access to 
DRAM. 

A typical band change requires on the order of 4 commands to restart each of the CDU, LBD, and TE, fol- 
lowed by a single command to terminate the DRAM command stream. This is on the order of 5 commands 
per restart component. 

The PCU does single 256 bit reads from DRAM. Each PCU command is 64 bits so each 256 bit DRAM 
read can contain 4 PCU commands. The requested command is read from DRAM together with the next 3 
contiguous 64-bits which are cached to avoid unnecessary DRAM reads. Writing zero to CmdSource 
causes the PCU to flush commands and terminate program access from DRAM for that command stream. 
The PCU requires a 256-bit buffer to the 4 PCU commands read by each 256-bit DRAM access. When the 
buffer is empty the PCU can request DRAM access again. Adding a 256-bit double buffer would allow the 
next set of 4 commands to be fetched from DRAM while the current commands are being executed. 
1024 commands of 64 bits requires 8 kB of DRAM storage. 
Programs stored in DRAM are referred to as PCU Program Code. 



21.8.4 End of band unit 



The state machine is responsible for watching the various input xx Jinishedband signals, setting the Fin- 
ishedSoFar flags, and outputting the finished_all_band flags as specified by the BandSelect register. 

Each cycle, the end of band unit performs the following tasks: 

f inishedAHBand = (FinishedSoFar [ 0] *== BandSelectMask t 0 J > AND 

(FinishedSoFar [1] BandSelectMask 1 1 ] ) AND 
(FinishedSoFar [2] « BandSelectMask [2 } ) AND 

(BandSelectMask [0] OR BandSelectMask[ 1] OR BandSelectMask ( 2) ) 
if { f inishedAHBand == 1) then 

FinishedSoFar [0] = 0 

FinishedSoFar [1] = 0 

FinishedSoFar(2) = 0 
else 

FinishedSoFar [0] = FinishedSoFar [0) OR <lbd_f inishedband AND BandSelectMask [0] ) 
FinishedSoFar tl] = FinishedSoFar [ 1 ] OR (cdu_f inishedband AND BandSelectMask [1 ] ) 
FinishedSoFar (2) = FinishedSoFar (2 ] OR (te_f inishedband AND BandSelectMask [2 ) ) 



Note that it is the responsibility of the microcode at the start of printing a page to ensure that all 3 Fin- 
ishedSoFar bits are cleared. It is not necessary to clear them between bands since this happens automati- 
cally. 
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21.8.5 Executing commands from DRAM 

Registers in PEP can be programmed by means of simple 64-bit commands fetched from DRAM. The for- 
mat of the commands is given in Table 93. Register locations can have a data value of up to 32 bits. Com- 
mands are PEP register write commands only. 



Table 93. Register write commands In PEP 











BiMy 


Register write 


data 


zero 


32-bit word 
address 


zero 



Due attention must be paid to the endianness of the processor. The LEON processor is a big-endian pro- 
cessor (bit 7 is the most significant bit). 

21.8.6 General Operation 

Upon a. Reset condition, CmdSource is cleared (to 0), which means that all commands are initially sourced 
only from the CPU bus interface. Registers and can then be written to or read from one location at a time 
via the CPU bus interface. 

If CmdSource is 1 , commands are sourced from the DRAM at CmdAdr or from the CPU bus. Writing an 
address to CmdAdr automatically sets CmdSource to 1, and causes a command stream to be retrieved from 
DRAM. The PCU will execute commands from the CPU or from the DRAM command stream, giving 
higher priority to the CPU always. 

Regardless of the state of CmdSource the DRAM requestor is exarnines the CmdPending bits to determine 
if a new DRAM command stream is pending. If any of CmdPending bits are set, then the appropriate Next- 
BandCmdAdr is copied to CmdAdr (causing CmdSource to get set to 1) and a new command DRAM 
stream is retrieved from DRAM and executed by the PCU. Note that a new DRAM command stream only 
gets retrieved when the current command stream is empty. 

If there are no DRAM commands pending, and no CPU commands the PCU defaults to an idle state. 
When idle the PCU address bus defaults to the DebugSelect register value (bits 1 1 to 2 in particular) and 
the default unit PCU data bus is reflected to the CPU data bus. The default unit is determined by the 
DebugSelect register bits 15 to 12. 

In conjunction with this, upon receipt of a finis hedBandfnJ signal, NextBandCmdEnablefnJ is copied to 
CmdPendingfnJ and NextBandCmdEnablefnJ is cleared. Note, each of the LBD, CDU, and TE (where 
present) may be re-programmed individually between bands by appropriately setting NextBandCmdAdr[2- 
0] respectively. However, execution of inter-band commands may be postponed until all blocks specified 
in the BandSelectMask register have pulsed their finishedband signal. This may be accomplished by only 
setting NextBandCmdAdr[3] (indirectly causing NextBandCmdEnable[3] to be set) in which case it is the 
finishedAUBand signal which causes NextBandCmdEnable[3] to be copied to CmdPending [3]. 

To conveniently update multiple registers, for example at the start of printing a page, a series of Write Reg- 
ister commands can be stored in DRAM. When the start address of the first Write Register command is 
written to the CmdAdr register (via the CPU), the CmdSource register is automatically set to 1 to actually 
start the execution at CmdAdr. 

The final instruction in the command block stored in DRAM must be a register write of 0 to CmdSource so 
that no more commands are read from DRAM. Subsequent commands will come from pending programs 
or can be sent via the CPU bus interface. 
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21.8.6.1 Debug Mode 

Debug mode is implemented by reusing the normal CPU and DRAM access decode logic. When in the 
Arbitrate state (see state machine A below), the PEP address bus is defaulted to the value in the DebugSe- 
lect register. The top bits of the DebugSelect register are used to decode a select to a PEP unit and the 
remaining bits are reflected on the PEP address bus. The selected units read data bus is reflected on the 
pcu_cpu_data bus to the RDU in the CPU. The pcu_cpu_debug_yalid signal indicates to the RDU that the 
data on the pcu^cpu^data bus is valid debug data. The pcu_cpujiebug_yalid is a repeated version of the 
selected units ready signal <unit> _pcu_rdy. 

Normal CPU and DRAM command access will require the PEP bus, and as such will cause the debug data 
to be invalid during the access, this is indicated to the RDU by setting pcu_cpu_debugj»alid to zero. 
The decode logic is : 

// Default Debug decode 

pcu_<unit>_sel = decode (DebugSelect ( 15 : 12 ] ) 

pcu_adr [ 1 1 : 2 ] * DebugSelect [11 : 2 ] 

pcu_cpu_data = <unit> _pcu_da tain (31 : 0] 

pcu_cpu_debug_valid = <unit>_pcu_rdy AND state == Arbitrate 



21.8.7 State Machines 



DRAM command fetching and general command execution is accomplished using two state machines 
State machine A evaluates whether a CPU or DRAM command is being executed, and proceeds to execute 
the command(s). Since the CPU has priority over the DRAM it is permitted to interrupt the execution of a 
stream of DRAM commands. 

Machine B decides which address should be used for DRAM access, fetches commands from DRAM and 
fills a command fifo which A executes. The reason for separating the two functions is to facilitate the exe- 
cution of CPU or Debug commands while state machine B is performing DRAM reads and filling the 
command fifo. In the case where state machine A is ready to execute commands (in its Arbitrate state) and 
it sees both a full DRAM command fifo and an active cpu_pcu_sel then the DRAM commands are exe- 
cuted. 
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21.8.7,1 State Machine A: Arbitration and execution of commands 

State Machine A 

pcu raftrreet n«~QPRprst n = 0 

A. 




<unit> ncu rrV — 1 
pcujcpujrty • 1 

pcu_cpu_dala - <unjt>_peu_data 



{ jDRAMAccess ) ^puAccess^ - 



cmd soufc^^l AND 

NextBandCmdAdrt3:0] -O 
cmd_fitoJutt»0 
cmdJito-0 
cmd_aouice«0 



0 




urn nd^-RESERYED 



Ad r Error ) PCuJcuJnvaSd_ad<lr«as-l 



Figure 97. Command Arbitration and execution 

The state-machine enters the Reset state when there is an active strobe on either the reset pin, prstjn, or the 
PCU's soft-reset register All registers in the PCU are zeroed, unless otherwise specified, on the next rising 
clock edge. The PCU self-deasserts the soft reset in the pclk cycle after it has been asserted. 

The state changes from Reset to Arbitrate when prst_n = 1 and PCUjsoftreset — 1 . 

The state-machine waits in the Arbitrate state until it detects a request for CPU access to the PEP units 
{cpu _pcu_sei = 1 and cpu__acode = 1 1) or a request to execute DRAM commands CmdSource — 1, and 
DRAM commands are available, CmdFifoFull^X . Note if {cpu _pcu__sel ==» 1 and cpu_acode \= 1 1) the 
CPU is attempting an illegal access. The PCU ignores this command and strobes the cpu_pcujberr for one 
cycle. 

While in the Arbitrate state the machine assigns the DebugSelect register to the PCU unit decode logic and 
the remaining bits to the PEP address bus. When in this state the debug data returned from the selected 
PEP unit is reflected on the CPU bus (pcu_cpu_data bus) and the pcu_cpu_debug_valid=\ . 

If a CPU access request is detected (cpu _pcu_sel = I arid cpu_acode = 1 1) then the machine proceeds 
to the CpuAccess state. In the CpuAccess state the cpu address is decoded and used to determine the PEP 
unit to select. The remaining address bits are passed through to the PEP address bus. The machine remains 
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in the CpuAccess state until a valid ready from the selected PEP unit is received. When received the 
machine returns to the arbitrate state, and the ready signal to the CPU is pulsed. 
// decode the logic 

pcu_<unit>_9el » decode (cpu_adr{ 15 : 12 ) ) 
pcu_adr(ll:2J «= cpu_adr [ 11 : 2] 

If when decoding the cpu_adr bus, the address selects a reserved address, the state machine proceeds to 
the AdrError state, and then back to the Arbitrate state. An address error interrupt will be generated 
If the state machine detects a request to execute DRAM commands (CmdSource = 1), it will wait in the 
Arbitrate state until commands have been loaded into the command FIFO from DRAM (all controlled by 
state machine B). When the DRAM commands are available (cmdjifojull — 1) the state machine will 
proceed to the DRAMAccess state. 

When in the DRAMAccess state the commands are executed from the cmd Jifo. A command in the 
cmdjifo consists of 64-bits (or which the FIFO holds 4). The decoding of the 64-bits to commands is 
given in Table 93. For each command the decode is 
// DRAM command decode 

pcu_<unit>_sel = decode( cmd_f ifo [and__count]t 15 : 12 ] ) 
pcu_adr [11 :2J = cmd_f if o[cmd_counc] { 11 : 2] 
pcu_dataoufc = cmd_f if o (cmd_counc][63 : 32 ] 

When the selected PEP unit returns a ready signal (<unit>_pcu_rdy=\) indicating the command has 
completed, the state machine will return to the Arbitrate state. If more commands exists (cmd_count !=0) 
the transition will decrement the command count. 

When in the DRAMAccess state, if when decoding the DRAM command address bus 
(cmd_fifo[cmd_count][15:!2]) t the address selects a reserved address, the state machine proceeds to the 
AdrError state, and then back to the Arbitrate state. An address error interrupt will be generated and the 
DRAM command FIFOs will be cleared. 

A CPU access can pre-empt any pending DRAM commands. After each command is completed the state 
machine returns to the Arbitrate state. If a CPU and DRAM command are pending the CPU command 
always takes priority. If a CPU or DRAM command sets the CmdSource to 0 f all subsequent DRAM com- 
mands in the command FIFO are cleared. If the CPU sets the CmdSource to 0 the CmdPending and Next- 
BandCmdEnable work registers are also cleared. 
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21.8.7.2 State Machine B: Fetching DRAM commands 



State Machine B 



C 



Reset 



poj gofiresei n — 1 
ANPPffil n~1 



C 



j 



Wait 



cmd source— O AND cmd fifo fi^^n 



AND cmd pending !=Q 
cmd_sou/ce • 1 

pCU_d.TJ_fTOQ- I 

cmd.adr - NexiBandCrndAdftpending] 
pcu_dtu_radr«cmd_acJf 



C 



> 



cmd sou roe" 1 AND, cmd fifo full— 0 

pcu_diu_rreq«l 

pcu_cSu_iadf-cnpid_adr 



FIHFIfo 



3 



dru octj rvalid=^1 
cnxlJjfo(OJ-diu_(jaia 



Q Datal ^ ) 



d?u dcu rvalid=»1 



Data2 ^ 



dfu pen ryaM=i 

cmdJito(2J-dhj_data 



^ Data3^ 



dm oru rva)trt«.1 
cmd Jito(3]-diu_ctat a 
cmd_fito_fu»l-1 
cmd^counl - 3 



Figure 98. DRAM command access state machine 



A system reset (prst_n=0) or a software reset (pcu_softreset_n=Q) will cause the state machine to reset 
to the Reset state. The state machine remains in the Reset until both reset conditions are removed. When 
removed the machine proceeds to the Wait state. 

The state machine waits in the Wait state until it determines that commands are needed from DRAM. Two 
possible conditions exist that require DRAM access. Either the PCU is processing commands which must 
be fetched from DRAM (cmd_so u rce= 1 ) , and the command FIFO is empty (cmd Jifa JW/—0), or the 
command FIFO is empty and there are some commands pending (cmd jyending !=0). In either of these 
conditions the machine proceeds to the Fill Fifo state and issues a read request to DRAM 
(pcu_diujrreq=\\ it calculates the address to read from dependent on the transition condition. In the 
command pending transition condition, the highest priority NextBandCmdAdr that is pending is used for 
the read address (pcu_diu_radr) and is also copied to the CmdAdr register. In the normal PCU processing 
transition the pcu_diu_radr is the CmdAdr register. 



Doc: SoPEC_hardware_design 

Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 263 



SoPEC : Hardware Design 



J3 



In the FillFifo state the machine wait for the DRAM to respond to the read request and transfer data words 
On receipt of the first word of data diu_j>cu^rva!id=l t the machine stores the 64-bit data word in the 
command FIFO (cmdJifofOJ) and transitions to the Datal, Data2, Data3 states each time waiting for a 
dmj>cu_rvalid=\ and storing the transferred data word to cmdJifo[l] t cmd Jifo[2] and cmd_fifof31 
respectively. 1 J 

When the transfer is complete the machine returns to the Wait state, setting the cmd count to 3 and the 
cmdJifoJuil=l. 

21.8.7.3 PCU_!CU_Address_!nvalid interrupt 

When the PCU is executing commands, addresses decoded from commands which are not PCU mapped 
addresses (4-bits only) will result in the current command being ignored and the pcujnvalid_address 
interrupt signal is strobed. If this command is from DRAM all remaining commands already retrieved 
from DRAM are flushed from the CmdFifo, CmdPending, NextBandCmdEnable and CmdSource are 
cleared to zero.) These registers are uneffected if the command is from the CPU. The CPU can then inter- 
rogate the PCU to find the source of the illegal command via the InvalidAddress register. 
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22 Contone Decoder Unit (CDU) 



22.1 



Overview 



The Contone Decoder Unit (CDU) is responsible for performing the optional decompression of the con- 
tone data layer. 

The input to the CDU is up to 4 planes of compressed contone data in JPEG interleaved format. This will 
typically be 3 planes, representing a CMY contone image, or 4 planes representing a CMYK contone 
image. The CDU must support a page of A4 length (1 1.7 inches) and Letter width (8.5 inches) at a resolu- 
tion of 267 ppi in 4 colors and a print speed of 1 side per 2 seconds. 

The CDU and the other page expansion units support the notion of page banding. A compressed page is 
divided into one or more bands, with a number of bands stored in memory. As a band of the page is con- 
sumed for printing a new band can be downloaded. The new band may be for the current page or the next 
page. Band-finish interrupts have been provided to notify the CPU of tree buffer space. 

The compressed contone data is read from the on-chip DRAM. The output of the CDU is the decom- 
pressed contone data, separated into planes. The decompressed contone image is written to a circular 
buffer in DRAM with an expected minimum size of 12 lines and a configurable maximum. The decom- 
pressed contone image is subsequently read a line at a time by the CFU, optionally color converted, scaled 
up to 1600 ppi and then passed on to the HCU for the next stage in the printing pipeline. The CDU also 
outputs a cdujinishedband control flag indicating that the CDU has finished reading a band of com- 
pressed contone data in DRAM and that area of DRAM is now free. This flag is used by the PCU and is 
available as an interrupt to the CPU. 



22.2 Storage requirements for decompressed contone data in DRAM 



A single SoPEC must support a page of A4 length (1 1.7 inches) and Letter width (8.5 inches) at a resolu- 
tion of 267 ppi in 4 colors and a print speed of 1 side per 2 seconds. The printheads specified in the Bi- 
lithic Printhead Specification [2] have 13824 nozzles per color to provide full bleed printing for A4 and 
Letter. At 267 ppi, there are 2304 contone pixels 1 per line represented by 288 JPEG blocks per color. How- 
ever each of these blocks actually stores data for 8 lines, since a single JPEG block is 8 x 8 pixels. The 
CDU produces contone data for 8 lines in parallel, while the HCU processes data linearly across a line on 
a line by line basis. The contone data is decoded only once and then buffered in DRAM. This means we 
require two sets of 8 buffer-lines - one set of 8 buffer lines is being consumed by the CFU while the other 
set of 8 buffer lines is being generated by the CDU. 

The buffer requirement can be reduced by using a 1.5 buffering scheme, where the CDU fills 8 lines while 
the CFU consumes 4 lines. The buffer space required is a minimum of 12 line stores per color, for a total 
space of 108 KBytes 2 . A circular buffer scheme is employed whereby the CDU may only begin to write a 
line of JPEG blocks (equals 8 lines of contone data) when there are 8-lines free in the buffer. Once the full 
8 lines have been written by the CDU, the CFU may now begin to read them on a line by line basis. 

This reduction in buffering comes with the cost of an increased peak bandwidth requirement for the CDU 
write access to DRAM. The CDU must be able to write the decompressed contone at twice the rate at 
which the CFU reads the data. To allow for trade-offs to be made between peak bandwidth and amount of 
storage, the size of the circular buffer is configurable. For example, if the circular buffer is configured to be 
16 lines it behaves like a double-buffer scheme where the peak bandwidth requirements of the CDU and 



1. Pixels may be 8, 16, 24 or 32 bits depending on the number of color planes (8-bits per color) 

2. 12 lines x 4 colors x 2304 bytes (assumes 267 ppi, 4 color, full bleed A4/Letter) 
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22.3 



CFU are equal. An increase over 16 lines allows the rni r t« u ^ * . 

™*n to cope with vcy poor local con^^^^^° ( ^^ ^yi^it^ 
SoPEC should also provide support for A3 orintino M j • 

increases the storage requirement for thl *ZZ ™ 8 ?* PimtiaS * rcso, ^'ons above 267 ppi This 
the storage t^uir^enXT^P^Zon^r 6 ^ ' U DRAM - 
ent page sizes. It --es 4 color plan^ 

bS^S,T ^ l !^!^ fy n a TT 9SSed comone data < birf fe'> 



A4/Letter b 



A3 C 



267 



400 



600 



267 
400 



800 



mmmm 



2304 



3456 



6912 



3248 



4872 



9744 



rag$ 



1Q8 d 



162 



324 



152.25 



228.37 



456.75 



a. Required for CFU to convert to final output at 1600 dpi 

b. Bi lithic printhead has 13824 nozzles per color providing fin, bleed printing for A4/Letter 

c. B*ho pnnthead has 19488 noz.es per co!or providing « Meed pHndng ZTl 

d. 1 2 lines x 4 colors x 2304 bytes. 



Decompression performance requirements 



tern clock cycle to achieve a print speed of TZZr ? f"** 5 " s 1 d ° l (bi ' level in 6 colols > P« sys- 
rep.icates pixels a scale facto' (SpTnulbe 5SS L bo* * h *?" ""T* A4/L * tar printin *- ™e CFU 
vert the final output to 1600 ppi. ThusTe CFU ^"l e ^ T l"* directions to «»- 

The 1.5 buffering scheme described in section Vl2 3 3Te 2 6 V *"? V SF X SF C * cles ' 

twice this rate. With support for 4 colors a 267 LT^ LU *" ** C ° U mUSt ^ « 

1.78 bits/cycle 1 . 67 Ppl ' ^compression output bandwidth requirement is 

The JPEG decoder is fed directlv frnm *k 

pression determines the input banSh « 2,^°^ DRAM ^ of com- 

the bandwidth decreases, but the ^ ITZ l!? " ° T .™ CDU - As the leveI 

or compression increases 

compression ratio for contone dl ZZ^obTt\ "S" " ^ deCrease ' Althou « h th * average 
allows for a local minimum compression ratio of 5 1 „ £ I ? TT*' aJ, ° Cated t0 ^ C ™ 

peak input bandwidth requirement of 036^/cycie for 4 IT* ^ ^ b ' 0Cks " This «!«*» * a 
at 1 side per 2 seconds. ">«s/cycle for 4 colors at 267 ppi, full bleed A4/Letter printing 



1- 2 x ( (4 colors x 8 bits) / (6 x 6 cycles) ) = 1.78 bits/cycle 

2- 2 x ((4 colors x 8 bits) / (4 x 4 cycles) ) - 4 bits/cycle 
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a. Assumes 4 color pixel contone data and a 12 line buffer. 

b. Scale factor 2 requires at least a 16 line buffer. 



22.4 Data flow 



line buffers m suteeqaendy ««l b" 4° CFU bufr " in DRA "- ™« 



I 

| eDRAM 
I 



compressed 




contone 




planes 





decompressed contone 
line store buffer 
(minimum 12 lines) 



3 




Contone 
Frfo Unit 
(reads Ttnes) 



R9ure 99. Outline of contone data flow with respect to CDU 

bTefcSpT^ 

and K, directly represented by CmA mT jte^ ^ ^ f0Ur C ° ,0rS ^ be C ' M « Y - 

multi-SoPEC printing with exact colors "P"* 61 " 8 ° W > metallic ^"n etc. for 

contain luminance informatfon ^d^uld ne'd'o beTo™ 'T^' bUt C ' M ' md Y each 

We therefore provide the means by wWch CMY ^ h c °7 re «ed w>th appropriate luminance tables, 
conversion. When being JPK comp^ef C^yTs ^ S ° PEC YCrCb K does not need c °'<* 

finally JPEG compressed. At d^^ a ^ Y *StZ ^'V* R ° B ' t0 YCrCb «* then 
contone store by the CDU. This is S^JSSSS Ac YCrS '° 1,16 dec ° m P re ** d 

verted to RGB, and finally back to CMY. ^ 0311 * en be optkmrily color con- 
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The external RIP provides conversion from RGB to YCrCh „ 

implementation of the inverse transform within SoPEC asoer Sfim^r^T^ actual hardwar * 
are normauzed to occupy all 256 levels of an 8-bh Ey enS^ M ^ *" Y ' Cr ^ Cb 

The CFU provides the translation to either RGB or CMY RGR j. 
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22.5 Implementation 

A block diagram of the CDU is shown in Figure 100. 




Figure 100. Block diagram of CDU 
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22.5.1 Definitions of I/O 



DIU, mteracting with the CPU in order to sl£ dEJESJ J 60 "*™"" 1 blocI « » DRAM via the 



^° b ' e J 6 - °P" Port list and description 




pcu_cdu_sel 



J^-£cu__data(31 :0J 



diu_cdu_rack 



cdu_diu_r adr[2t ;5j 
diu_cdu_rvaiid 



d[iCdata[63:0J 



cdu_dlu_wreq 
diu_cdu_wack 



In 



Out 



Block sefect from the PCU. When pea cdu set is hiah 
Pwudrand pcu_<tataout * m ui« LCOu - 5o/ « high both 




Shared write data bus from the PCU. 



Read data bus to the PCU. " 



/n 



In 



In 
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T able 96, CPU port list and description 



cdu_diu_wadr(21 :3] 
cdu_diu_vwaiid 



cdu_diu_da ta[63:0} 
CFU interface 



19 



64 



Out 



Out 



Out 



CPU write address. 19 bits wfde (64-bit aligned word)/ 



Write oata valid, active high. Indicates that valid data is now on 
the write data bus. cdu_diu_data. 



Write data bus. 



cfu_cdu_rdadvt in e 



cdu_cfu_wradv8Jine 



TE and LBD Interlace 



In 



Out 



fle !, d ,,ne P ulse ' actve nj 9h. Indicates that the CFU has finished 
^ ? no A \° f d "™»">*** contone data to the dn2 
buffer in DRAM and that fine of the bufter i« free ^ 



? ^t fmeS ° f decom P^ssed contone data to the cir- 
cuter buffer in DRAM and the data is available to be read 



1 cdu_staru>f_bandstore[2l:5] 


17 


Out 


Points to the 256-bit word that defines the start of the memory 
area allocated for page bands. memory 


J cdu_end_of_bandstore[21 :5] 
ICU Interface 


~17 


Out 


Points to the 256-bit word that defines the iast address of the 

memory area allocated tor page bands 


cdu_finishedband 


1 


Out 


COUs finishedBand fiag. active high. Interrupt to the CPU to _ 
•nrtcate that the CDU has finished processing a band of com- 
pressed contone data in DRAM and that area of DRAM is nTw 
freeTh.s s.gnal goes to both the interrupt controller and the 


cdujcujpegerror 
■ — 


1 


Out 


^e h.ghmterrupt indicating an error has occurred in the " 
JPEG decoding process and decompression has stopped A 
reset of the CDU must be performed to clear this interrupt.' 
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22.5.2 



S3 



Configuration registers 

CDU. Note that since addresses in SoPEC ^Z T* * a Sra>ns for reading and writing registers in th* 



SS^SS Shafed bCtWeen tha CDU LBD, and TE 



0x84 



EndOfBandStore 





0x1_FFFF 



Points to the 256-Wt word that defines the Stan of the" 
memory area allocated for page bands. 

2S£ reSS 9eneraton wra P s to «• start 



The CDU contains the following additional registers: 



Paints to the 2564* word that defines the lasl 

address of the memory area allocated for page 



Table 98. CDU registers 




0x0 



0x10 



Writing , lo mis register starts the CDU. Writtna O t» 
this register halts the CDU 9 0 

The CFU must be started before the CDU is started 

nTnni no )f ' ^ ^ l ° " *• XX' 

running (i . runmng, 0 - stopped). 



MaxPlane 



0x0 



Defines the number of contone pfanes - 1 
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Table 98. CDU registers 




0*14 I MaxBiock 

0x16 I BuffStartAdr 



0x1 C 



BuffEndAdr 



0x20 



15 



U TbZZ^ f US ( ° r JPEG b,OCk ^^eni 
te. 6x8 bytes) in a line - 1. 



~.L?K, to J n ° ^ ° ,,he ^^P^sed contone cir " 
«lar buffer ,n ORAM, aligned to a half JPEG block 
boundary. 

A half JPEG block consists of 4 words of 256-bits 

£jp£ 2dcf 32 contone pixe,s in 4 co,ore - »■•• ha " 



0x0000 



~„ , £ .! ^ °* the last ha " JPEG w «* at the 
rfpAu « deC ? mpressed «^lar buffer in 

A^',^? to a Wf JPEG «*** boundary. 
A half JPEG block consists of 4 words of 256-bits 

rss us 32 con,one p,xe,s in 4 ^ « 



OxOC 



Bypassjpg 



0x30 



NextBandCurr- 
SourcoAdr 



0x34 



NextBandEnd- 
SourceAdr 



17 



Defines size of buffer in ORAM in terms of the 
number of decompressed contone lines. The size of 
the buffer should be a multiple of 4 lines with a mini- 
mum size of 8 lines. 



0x0 



19 



0x0.0000 



0x0,0000 



Determines whether or not the JPEG decoder will be 

bypassed <and hence pixels are copied directly from 

input to output) y 

0 - don't bypass, 1 - bypass 

Should not be changed between band s. 

The 256-bit aligned word address containing the start 

of the next band of compressed contone data in 

UHAM. 

TOs value is copied to CurrSourceAdrwhen both 
DoneBand is 1 and NextBandEnabie is 1, or when 
Go transitions from 0 to 1. 



0x3a J NextBandVafid- 

BytesLastFetch 



0x3C 



NextBandEnabie 



0x00 



The 64-bit aligned word address containing the last 
bytes of the next band of compressed contone data in 
ORAM. 

This value is copied to EndSourceAdrwhen when 
both DoneBand is 1 and NextBandEnabie is 1, or 
when Go transitions from 0 to 1 . 



Mask containing a 1 in each bit position that repre- 
sents a valid byte in the last 64-bH fetch of the next 
band of compressed contone data from DRAM 
This value is copied to VaiidBytesLastFetch when 
both DoneBand is 1 and NextBandEnabie is 1 or 
when Go transitions from 0 to 1 . 



Read-only registers 



When NextBandEnabie is 1 and DoneBand is 1 then 
when cdu_finishedband\s set at the end of a band 
-NextBandCurrSourceAdr is copied to Curr- 
SourceAdr, 

-NextBandEndSourceAdns copied to EndSourceAdr 
-NextBandVatidBytesLastFetch is copied to Vaiid- 
BytesLastFetch 
-DoneBand is cleared, 
•NextBandEnabie Is cleared. 
NextBandEnabie is cleared when Go is asserted 
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Table 9S- CDU registers 



0x40 



Don 



CurrSourceAdr 
EndSourceAdr 



ValidBytesLast- 
Fetch 



0x0 



17 



19 



0x0_0000 
OxCLOOOO 



0x00 



Specifies whether or not me^entba^ h^^T 
Jhed loading lntothe(oca , ^ £ 

when Go transitions from 0 to 1 

r^ n K the !? S,0,,,1e ""V™"* contone data for the 
band has been loaded into the local FIFO, the 6 
a*u_finlshodband signal is given out and the 
OoneBand flag is set. 

MNaxtBondEpablB is 1 at this time then Curr- 

ssirr Processin9 o/ * e r £ 

Sr^fS' We , is 0 then *• «"•'"*' "'the 
Zn>tr, w Ue to mn ' dec °™P'essing the data 

Si Whi ' 9 0,6 read con,ro ' vvato for 

NextBandEnabto to be set before it restart* 



^ e C nTZd 2 „ 5 | 3 " bi, a "° ned W ° fd address re- 
current band o f compressed contone data in DR AM. 

The 64-ort aligned word address containing the las? 



Mask containing a 1 in each bit position that reore- " 
sents a vaiid byte in the last 64-bftfetch oTtoe cS rren 
band of compressed contone data from DRAM If the 
lower 3 bytes are valid, then the lower 3 bits ot VaW- 

8hou,d s « ^ - ^ 5 * 



0x54 



JpgDecTType 

JpQDecTestEn 
JpgDecPType 



0x00 



0x0 



2> S nl?ri F* dSCOded ,he * ™ be output o7 
*e Dea/p a <4>cOec***) port with the user se£ctT 

s^sr^ by setting »* fn - **5 

4 SOF+SOS+DNL 
3 COM+APP 
2 DRJ 
1 DQT 
ODHT 

£jg S. mafker 7 e a,so passed to th « 

Test type selector: 

- QDCT ^efficient displayed on JpgDecTda ta 

agnaj which causes the memories to be bypassed" 
for test purposes. yp ^ 



0x60 



S ^ fyln 0 Parameters to be placed on port" 
JpgOecPValue (See Table 99). 



0x00 



Seteciea neader segments from the JPEG stream ' 
X^rr 61 " 0 ^ ^^entsselecTed 
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Table 98. CDU registers 




0x64 



0x66 



JpgDecTData 



JpgDecPVafue 



0x6C 



JpflOecStatus 



13 



0x0000 



16 



0x0000 



22 



OxOO_0000 



put byte of the first 8x8 block of the test data 

VJ SOE ! ou * ul ° f CS1650 ' Skates the first out- 
put byte of each 8x8 block of test data. 
1 1 -0 - 1 1-bit output test data port - displays OCT 
coefficients or quantized coefficients depending on 
value of JpgDecJType, 



Decoding parameter bus which enables various 
parameters used by the core to be read. The data 
available on the Rvalue port is for information only 
and does not contain control signals for the decoder 



Bit 21 -jpg^core_statl(\1 set, indicates that the JPEG 

^° r I. ,S l^! fed * 0atl " no of ^ k as toe output JPEG 
naffbJock double-buffers of the CDU are full) 

thl^;£*w WL ^ ( ™ is signal ls *i out ^t from 
the JPEG decoder core and is asserted when a pixel 
is being output 

Bits 19-16- ^contents (FIFO at input of JPEG 
decoder core) 

r£i t>°, are t P 5 G d6COder s,atus olJ, P uts torn the 
CS6150 (see Table 100 for description of bits) 



22.5.3 Typical operation 

The CDU should only be started after the CFU has been started 

/Lines. Users then set the CDtTi^tS^ Uock, BujfStortBlockAdr. BuffEndBlockAdr and 
f°r the band has fiS^ 

indicating that the memory JL^^tttSSSS^J^ ^ "* * PCU «« CPU 
band of contone data 0W free " Process »ig can now start on the next 

*~y 1 . CDU m proras5ing ^ ■i^iSSSS - """""^"^ ' s 
d-Thisis a combination of 6 and c above The PrM/w^*^ *u 
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ing again. An intenupt is sent to the CPU by^ssenincF . wa,t are5e ' before starting decod- 

— by tneans of, «* to to ft. StES^SSR^S 4 "» CDU — >* 

22.5.4 Read control unit 

d-*™^ - - P-ing a to the JPEG 

receiving the data from the DW ^^cScZl^l^*™ ^ * Sing,C 256 " bit accesses ' 
accesses to DRAM is described in ^^fon^loiS^ ^ " d for read 

by means of the state machine <k*dbJ^r£ntv!T " * DRAM 316 im P ,cm ented 

All counters and flags should be cleared after reset Whm r„ ^ -n c. „ 
should take their initial value. While the Go b ^ seM^e 2 V ^ ° * ' 8,1 COUnterS Md 
it whether to attempt to read a band o W« ^ con one ° n the ZWW bit to 

does nothing. When DaneBand is cleJ Te stoimS ™** DoneBand is set, the state machine 

up to 256-bits at a time while Sere"' ZS^S^l^S^^ f° *" ^ ^ FIFO 
knowledge about numbers of blocks or m£ZZ% , N ° tC 1,131 the stale machine has no 

by consecutive reads from S^i^^SE^ " " mere1 ^ the JPEG input FIFO full 
at least atme peak DRAM read bandwMS^^ 

mc^d T£Z*Z£tZ2 7^^^^ ta 3 - — . U is 

# J^lZEjS^ — sen, to the 

' *~ ~ ^ ^. then 

whether curr^ource^r also equTe^ m^TT^ t 0 ° 

FIFO is 0. «-°j_oanastore. The end_o/_band control signal sent to the 

curr_?ource_adr is output to the DIU as cdu_diu_radr. 

A count is kept of the number of 64-bit values in the FIFO wi,.- j- j 

0. data is written to the FIFO by asserting SS> LdSi d ' u - c %S"*<t « 1 and fcwr*^* is 

incremented asserting *cAfif o _ contents[3:0] ^fif o v „_ adr[2:0 j ^ bo{h 

SSg£2ffi^ — « - *- there is data available in 
data from the FIFO. Note it is also polstZ o V^ISSS.S^ ^ * " t0 n * -w 
ister to 1. In this case data is sent Erectly fill TfITO to tne tSt T* tta ^«««*«* 
decoder is not stalled ftpg_«>re Jto /7 equal oTand ^1?- ^ / ° k doub,e -buffer. While the JPEG 
a byte of data is consurnfd by *e JpS1^S^^%^ and y> ^_^ are both 1. 
next byte. The read address is byte aligned iel^lJ 1 1 " thtn lnCTeme nted to select the 
■ ^ ' , e - the u PP« r 3 blts "-put as the read address for the FIFO 

Doc: SoPEC_hardware design c ? p„ nr ; Qt= „ _ : 

Version: 2.3 -««**'a" s>3 Proprietary Document 



29 Nov 2002 



• 



SoPEC : Hardware Design 



cdu_dlu_rreq a 0 
lgnore_data * 0 



cdu_diu_rreq - 
lgnore_data . 



cdu_cttj_rreq « 0 
Jgnore^data « 0 



< 



< 



C 



<: 



1 



Q reset 



idle 



> 



DonflBand = 



cdu_dJu,rreq « o 
Ignore_data a o 



req 



j 



fifo atotems <° ofa ska - a 



cdu_diu_n-eq » 1 
tgnore_data = o 



ack 



cdu_diu_rreq = 0 
fgnore_data « 0 



read 



> 



end so»rre> A,fl r 



cdu_diu_rreq ■ 0 
ignore_data = 1 



Figure 101 . State machine to read compressed contone data 



22.5.5 Compressed contone FIFO 



^efVJZ^^t^V^ ^/i 0 -° "6-bit accesses), 

ten to the FIFOfeS the hw « «JTT i« ^/-Wflag. Whenever 64-bit data is wri£ 
o/ 'Whki. , ^-u7^T.r^5^ " ag M 4,80 P 355 ^ 4,1 fr °™ the read control unit. The 
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22.5.6 



bytestream for that band, and only the bytes soecifi^Hh.tK • 

to be read and presented to the JPEG decoSr * ° f are valid bytes 

grimed S^S^dtfore ^pr^o^Jf 1 " 85 * T ta POSsible for CDU to be repro- 
■ FIFO (as an additional effect of this, ^U^ZZ^T™ ** baS read ^e 
tone data must be more than 4 x 64-bits, or 32 b^ bTe"Sj ^ * ^ band ° f con - 

CS6150 JPEG decoder 

a modified version of the Amphion CS6150 
the CS6150 JPEG decoder core can ™ It iS^ToS^^ ^ ^ hi ^ve staTed t£t 

£>EGd a eS ed Ven5i0n ° f *• ^ d <**P^ S£ the 3 ir D ^° d f ^j""? » C, ° Cked 

JT. ? r*^" f 3 Smgle color P«el-by- P ixel basis ContS of S ^ 2 mechanism f °<- stalling the 

the PuOuiEnab input to the JPEG decoder However ^„^,f ° f ° UtpUt drta » a,so Prided by 

sssasr is — - — ssa ass 

from the JPEG bytestream and uses 
quantization tables, restart interval defbln^E Jf ^ T*^ ^ for the Huff ™« tables 
die JPEG bytestream automatically detecting r>ZJ Sc ;"\ headers - T "« decoder parses and checks" 
fy»ng the JPEG segments the decoder^cX Sole SegmentS - ^ner dent 

See the CS6150 Databook fl71 for mn» 4 , ^as 6 height mod 64k of an error will be generated. 

te .. £^ -x^Jr* ■»-•*«-. or .ho 

length as than is a modification to the core. " ™ ""'*«" of ">°te than 64k lines 

read fron, DlS^nrbe^mo^f^, t*' ^/ Jp * " "* « •«=» *« dan, 

^^^-^^^h.which^CSdUO^orhernado.isih, 
2Z5.6.1 JPEG decoder parameter bus 

The decodmg parameter bus Jpg£>ccPf&/i/ e i s a i*_h;, - , 

from the input data stream and^ntlyt ed by £^r£t£ °T* ^ ««racted 
mines winch internal parameters are displayed on he SLl? i Se ' eCt ° r ' npUt ^P^ecPType) deter- 
the m/, e port does not contain controTsgS u^ fyTXo i? 0 " ^ ^ *** on 



Table 99. Parameter bus definitions 




<>*■ | FX(15:01 



0x2 | 0O_VMCU[13:Q] 



FY: number of lines in frame 



FX: number of columns in fr ame 

o f the curren. scarT 
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Table 99. Parameter bus definitions 



Si 



0x4 



0x6 



0x7 



0x8 



0x9 



OxA 



OxB 



00_XMCU[13:0] 



CsO[7:01_TqO(1 :0LV0[2:0] 
_H0{2:0] 



XMCU: number of MCUs In X oirect^ 



Cs1f7:OLTq1[1:OLVl[2;0J 
_H1J2:0J 



Cs2[7:0LTq2[1 :01_ V2[2:0] 
_H2(2:0] 



Cs3{7:0LTq3[1 :OLV3[2:0J 
_H3{2:0] 



CsH{15:0J 



CsV[15:0) 



ORI[15:0) 



000_HMAX[2:0LVMAX[2: 
0LMCUBLK[3:0LNS[2:0] 



CsO: Identifier for the first scan component 

TqO: quantization tabfe identifier for the first scan compo- 
neni 

VaiJ^T™**" 9 faCt0f ^ m ° ^PO^nt. 

HO: horizontal sampling factor for the first scan compo- 
nent. Values » 1-4 



Cs1. Tql, V1 and HI for the second scan component. 
V1. H1 undefined if NS<2 



Cs2. . q 2 . V2 and H2 for the second scan component. 
V2, H2 undefined ff NS<3 



Cs3. Tq3, V3 and H3 for the second scan component 
V3, H3 undefined if NS<4 



CsH: no. of rows in current scan 



CsV: no. of coJumns in current scan 



DRf: restart interval 



HMAX: maximal horizontal sampling factor in frame 

^ ax,mal vertJcaI sampling factor in frame 
MCUBLK: number of blocks per MCU of the current scan 
from 1 to 10 

NS: number of scan components in current scan, 1-4 



22.5.6.2 JPEG decoder status register 

The status register flags indicate the current state of the CS61 50 .wnri™ un, . , 

ing the decoding process, the decompression process in ^EG^SS"- ^ST"? 

is required from the user If any of the other ~ .1 ^ , 01186 and so no tnt ervention 

ceUadon, the core will £%1 ^ tt 

more errors. Start ° f Ima S e ( SQI ) without triggering any 

2£3E£ decoding ^ be monitored by observing *■ vaI - ° f ™* 



Table 100. JPEG decoder status register definitions 




Indicates the number of Huffman tables defined, 1 bit/tab le. 
Indicates the number of quantization tables defined, Ib it/tabJe. 
Set when an undefined Huffman tabfe symbol is referenced during decodi™ 
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Table 100. jpeq decoder statu* rM ,^- e . ftin|| 



CtiError 



IDctfnProg 



DeclnProg 
JpginProg 



when the info/ setting for /maoewL^ n rl ■ S " 0t a Bna < ONL 
64k tines. ^ "T'egeHe.ght ,s 0. Th,s ,s to allow images longer than 




i^^ T £S£SZS*** ^ ° f 9 SCan " C,8ared ^ ha S ~ 



22.5.7 Half-block buffer interface 



of a 



Since the CDU writes 256 bits f4 x 64 hit*\ t 

at its output, each buffer is a half JPEG block J^L" * ^ " rCquires a °ouble-buffer of 2 x 256 bits 
to stal. the JPEG decoder core at h^^Tl- 4 ™* -quires us m be ab L 

Pixel). We provide a mechanism for staLg the J^EG dec„5 ^ ^ 32 P ,xels (» bits per 

JPg.core_stall is 1. The half-block buffer fnterf/^? dewd \? re bv 8 a »ng the clock to the core when 

DRAM (write control unit). Data coming in is 8-bkouaS hTP Wntmg th ° Se JPEG blocks to 
only a smgle color plane. Data exits in the sal o^rTeme" ^ OUt '» fa ^ «* 

2i^l^tt^^ - 2 **. -G half-block buffers and some simple 



P«_oui_valW 
jpg_core_stail * 



Jcfk_enaWe 



pixaJ_data 




talf,bJock_ok_to_read 



<^_tfu_<iatfi(63:0) 



Figure 102. Block diagram of half-block buffer Interface' ' 
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22.5.7. i Half-block buffer se/ect unit 

Uus case, each buffer is a half JPEG block, i.e. 32 bytes S ^T^S WntteD * In 

^JS^^^^ and 

single bit {w_buff) for the current buffer to S . ^ ^ to occur from, and a 

half_block_ok_tojead equals Zff Laturd b^ ™f L "f* *• 7116 0ut P ut vaIue 

^--^--^ J**""** equals 
the production of pixels. The dock gating 5 perfomS Tin ft °5S S r " 8 ? d ° ff S ° 85 1 ° St °P 

output from the CDU. When jclk enable iT fTS , i l ^t vnAer °f^Jclk_enable 

Uclk.enable is the inverse of^gSSSj ' " J Wtj ~ ate is °> * 0 

S-"-^ inverted. 

ANDed with of j P g_core_stall. The output rd_en equals hal/_block_ok_to_^ a d 

22. 5. 7. 2 Contone plane buffer 

Each^ntone plane buffer consists of two half JPEG block buffers as shown in block diagnun fon* in Fig- 



rd.buff 




> cdu_dfu_data(63:0J 



pixel_data 



Figure 103. Contone plane buffer interface 

lec.d at .he te, s hi ft ,%Z . s wt»Tlt f " ' * 64 bi '' Da " " C °'- 
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22.5.8 Write control unit 



J3 



A line of JPEG blocks in 4 colors or 8 lin-c n f a 

memory arrangement as shown Figure 104 St^^*^ ^ is stored * DRAM with the 
~---co,or^^^ 



4 line 
store 



ORAM won* p 
DRAM word p+4 



DRAM 



r 



4 line 
store 



DRAM word p+4n 

DRAM word q 
DRAM word q+4 



JPEG bfock 0 
Enes 0 to 3 



255 



JPEG block 1 
Unas 0 to 3 



JPEG block n 
Ones 0 to 3 



JPEG btock o 
fines 4 to 7 



JPEG btock 1 
lines 4 to 7 



DRAM word q+4n 




255 




191 


127 






0 


C 


tL4 




t C 


L4 


i C 


)L4 


c: 


L5 


i C±L5 


« c 


L5 


1 °5 


)L5 


C; 


1l6 


! c i. L6 


c 


L6 


i Cl 


IT 


C3 


L7 


C2L7 


-a 


L7 


r— 1 

CC 


f — 

L7 



word q 
word q+1 
word q+2 
word q+3 



JPEG block n 
lines 4 to 7 



► Implies 4 x 54 bit writes to consaa,th*i 
words in one DRAM row Jofa^Se 
CDU access to DRAM ^ 
CX- Color X 

LY - Line Y or 8 bytes of a fine in a JPEG btock 



dram .^J^aireasyai *«~ — 4 - ~ * 

Mock 0. color 0. l ine 0 i„ word p biCs 

line 2 in word p P ^ 6 " 6 t 0 - e ' jf 1 63 "°' 

block 0. color 0 l ine 4 , 

ior °« ll[ >e 4 in word q bits 63 o i ■ 

line 6 in word q+2 bits 63 '□ i" W ° rd Q+1 bits «-0, 

h,o v „ 8 7 ^ W ° rd bi ts 63-0. . 

block 0. color 1. i ine 0 in word 

line 2 in word p +2 bit. "V'i* Ti'n. 1 " ^ MtS 127 -"' 

•■' , llne 4 I" word q bits 127-64 lin» «; j 

line 6 in word q+2 bits 127-64 fi" ^ ,+ 1 bitS 127 "«. 

64, l lne 7 in word q + 3 bits 127-64 
-peat for block 0 color 2. block 0 color 3 

block 1, color 0. line 0 in wor d p-4 bits 63-0 Une [ in „ 

' 1 * ne 1 ln w °*d p*5 bits 63-0. 

ecc 
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In SoPEC data is written to DRAM 256 bits at a rim. tk tmit 

CDU, i.. the lower 2 bits ^SS^^^^. * ^igned adcbess from the 
address the DIU also receives half a JPEG block « SSrt tat£ ? ?° b ?* wriaen t0 - Wth 
accesses to DRAM must be padded to 256 b te „ -ft! S 1? 7? ^ 4 X 64 bits ov <* 4 cycles. All 
the individual bit write inpuS of the DRAM lj£ J£S* Sh<>Uld f te Wn ' tten 316 m ^ed using 
only 64 bits out of the 256-bit access to DRA^ vTd^d T~* ** fr ° m *• CDU 

by the DIU. TTus means that the decompressedco^ 1^ *™™*g bits of *e write are masked 
write masked accesses to 4 consecuriv^ Sfw~ ^ " 4 ^o^* 

cycle,. All counters and flags should be etaiSEJUl? i v * 4 X 64 WtS OVCT 4 

and flags should take their initial value While !L ^ k? ***"'ons from 0 to 1 all counters 
W-block_ok_ t o_read upline storTok ^ttJt^ f fiu"* **' re,ies ° n ^e 

block to DRAM. Once the half-block bufferTn ZSS 2££ W \ eth f to ^te a half JPEG 

requests a write access to DRAM by ^eTSlSS ^5° Wock ' the 5131(5 mac Wne 

mg to the first 64-bit value to be written. 2*5*2?.!? E"*!? * *" ^ ""^ corr «P°n°- 
access of 4x64 bits is issued by the CDU The Dn^ ( X ' addr£SS 1116 value ineach 

fourth 64-bit values). The ^L^SSJ^SS^ f?"? ^ *** and 

mg a read of 4 64-bit values from the half-block "taSfcJSSS ackn ° W,ed S e from ^ °ru before iniriat- 
put cdu_diu_wvalid is asserted in the cycle after rdZ^T Y T^ 8 for 4 cvcles - The out- 

the bus and should be J£ t£j£^2^ * 5" DIU Vahd ^ is P resent « 

is then sent to the half-block buffer^teSce t i„dS ^ " DRAM " A "^-Hf- -block pulse 
^dnowbea^labletobe written ^^^^^^^^ 

cleared and iWrJtajfJfa*^*- gets loaded wifc SSSTJS^ * 1 ? ST ^ ^ould be 
buff^tart_adr + maxjblock + I *>W-Start_adr and upr_halfblock_adr gets loaded with 

// assign write address output to ORAM 
edu w diu_wadr(6:5) =00 // 

// T/ re H P T dS C ° linenu »*^- on ly firs t address Is 

cdu_diu_„adr(4:3J = color ™ 3eneraCes these bits of the address. 

if (half == l) then 

cdu_diu_wadr[21:7] = upr.hal fblock adr „ fnr . 

else *_aor // for llnes 4 „ 7 Qf JpEG block 

cdu_diu.wadr [2a:7) . 1^ f blocIt _ adr „ ^ ^ ^ ^ ^ ^ 

" F:SJ£l^^\rZZ*~~ — °™ ^ -ess 

if (half == i) then 
half = o 

if (color == max_plane> then 
color = 0 

if (block = =* max block) then tt 

pulse wradvSlIne end ° f writi ^ « ^ne of jpeg blocks 

block = 0 
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eise U p,_h alfblock _ adr = upr ^ lfblocK _ 4dr + ^ 2 

block 

upr_halfblock adr 
else " " TOVQ to -ddress for lines 4 7 f 

color 4 " 7 for n « xt Wock 

else 

half * i 

if }V)Zf ^-P^ne) then 

if (block max^block) then // end nf . , 

° f Wrxt4n » a of JPEG blocks 

// update half block address for . 

lwr_halfblock_adr * buff ^ 
elsif Uvr_halfblock adr ! ^ * "^Wock ♦ 1 

eis lwr.hal f bioc^adr\ Le^£££ + ' " buf ^*<*> then 

lwr_half block,adr = l wr halfhl^ . 

xwr_halfblock.adr + max_j>lock + 2 



else 

lvrr_halfblock_adr + + 



// move to address for lines 0 ^ f 

-Lines 0-3 for next block 
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cdu_dlu_wreq ° 0 
cdu_<Jru_wvaKd = 0 
rd_adv a 0 
rd_adv_half_btock « o 



cdu_dnj_wreq = 0 
ocfu_dJii_wvarid =* 0 
rd^adv « 0 
fd.adv.halLbiockaO 



< 



idle 



c 



Cdu_dru_wreq a 0 
cdLf_diu_wvaiid a o 
rd_adv = 0 

rd_adv_harf_bJock « 0 



req 



c 



^ ffidS ok to m^ds-j 

cdu_diu_wvalid =s o 
rd_adv = 0 

rd_adv_halLbJock = 0 



ack 



c 



cou_diu_wreq » 0 
cdu_diu_wvaJid a 0 
rd_adv = 1 

fd_adv_haJf_blocK = 0 



read 



c 



cdu_dlu_wraq = o 
cdu_diu_wvafid = i 
rd_adv a 1 
fd_adv_ha1f_Woc* = 



write 1 



D 



Cdu_diu_wreq a 0 
cdu_diu_wvalid a 1 
rd_adv » i 

fd_adv_haJf_biock « 0 



write2~^) 



c 



cdu_dlu_wreq = 0 
cdu_dfu_wvalid a 1 
rd_adv = t 

rd_adv_harf block « 1 



write3 



c 



3 



cdu_dfu__wreq = 0 
cdu_diu_wvalid = i 
nj_adv a 0 

fd_adv_half_WocK = 0 



write4 



> 



cdy_diu_wreq = 0 
cdu_dtu_wvalid = 0 
fd_adv = 0 

rd_adv_hafLbfock = 0 
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22.5.9 



J3 



Contone fine store interface 

The contone line store interface provides the ™V color Planes, and the CFU reads them Iine-at-ariml 

wnte to. Thus the sizeofthe Restore in 1 tT ^ beeoo, « free f ° r *e CDU to 

ta. : store mterface is 8 lines, providing a ^^S^tl? 7 ■ ^ ^ size of t£ 

scheme while 16 lines provides a double-bufffr scheme yP ' Cal ^ 12 Unes for a buffed 

SEm^i Sl^A-- - - P t of the number of lines 

wrgng 8. lines, the wnte contro. unit Ji^SiS^ * to e ~ ^ * e CD " ^ S 
SI , """-frus-wai is decremented by 7 -? ^ hnC interface the 

''r^-^-^tobesetagaiiLTheCFUisr^LJv C ° ntr01 Unit then w aits for 

pnately. and sends its own ntoJL signaf to the S! £ f °[ res P ondi ng to MmAtfl/,* pulses ^ 

. t nmshesreadm g mem.__,^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



color ioveraon i. upTi JS,»tSrr°J I"™ YQ ? '° RGB * »■*»«' 



23.2 Bandwidth requirements 



^^XTe d HCU C ° nt0ne fr ° m DRAM ^ » match «* « which the contone data 

^£yZSZS£E£i l^r T (SF) , nU f ,ber ° f ^ fa *» X direcri - and Y scale 
direction is performed j£ OU*» ^ CFU c^SS ^ TP? t0 i?° ^ RepHcati ° n in 1116 * 
tion is performed by the CFU i^JSSTiS^lRS 1 "^ * repliCat, '° n in *« Y dircc - 
DRAM. The HCU generates 1 doTfbf-kvel in aCC ° fdmg t0 Y - ScaIe factor - fr <>™ 

I side per 2 seconds for full b leed A4^ D ^1°^ P ^ ^ Cl<>Ck ^ * a P rint W» of 

color contone pixel (32 bits) X^^^ES^^T t0 be with * 4 

from DRAM at 5.33 bits/cycle' PP ^ lOTS * 267 ppi the CFU must read data 

23.3 Color space conversion 

Ssrr^ r s r avSiS r* win , be r case * *■ «** 

and K. directly represented by (£5 nT SfK So?' eXample ' *" C °'° rS m3y be C ' M ' * 
multi-SoPEC prinLg with exact colors. repreSent * old - Gallic green etc. for 

S^S^'^^t^^ visible .ualiry when finance and chrominance 
luminance infoSnation and so wo^needTo be comnr h° be K luminance ' but C, M and Y each contain 
^ide^^ 

The external RIP provides conversion from RGB tn Yrwn. ^ u 

imp.ementation of the inverse transform whhin SoPEC ^ S5 S Pi nnT* ^V" 1 "' 

are normalized to occupy all 256 levels of an 8-bii Unary ^n^odrng 11 ^ *" Y ' ^ ^ " 

The CFU provides the translation to either RGB or CMY RGR is inrt,.A~A 



2 . 32 bits / 6 cycles = 5.33 bits/cycle 
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• 2 color planes, no color space conversion 

• 3 "lor planes, no color space conversion 

• 3 colorplanesYCrCb,conve re iontoRGB 

• 4 color planes, no color space conversion 

• 4 color planes YCrCbX, conversion of YCrCb to RGB n„, , 

The YCcCb to rpr • • '"v-otoRGB.no color conversion of X 



23.4 Color space inversion 



t ^-SSC^SS^^ SS - providw for — —on 

may be used to provide p.anar cozrelation ^S^^ 0 "^ «° «• finalised"* 

^=25?-^ C ° nVerSi0n is ^ * < h * relationship: 

• M = 255-G 

• Y = 25S-B 

<**. .he pnge » to the RGB «™ m CMV « fc, 

• G = 255-M 

• B = 255-Y 



23.5 Scaling 



». muocentoc ,s proc™™^ „ j „ d ^ ^ pe,^^ | " P "* * ' W ° f ~° > 

Scaling is implemented using a counter as df>eerik.a ■ .u 

a.ed ,0 couvu ,0 uac next do, f.-scXgT.^it^Xt """"^ , *"' W M * 



advance = 1 
else 

count = count + denominator 
advance = o 



numerator 
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23.6 Lead-in and lead-out cupping 



J3 



present This padding (extra pixels) will be'oresent after d/co^ I^PEgZ^ ^ * 

side of the page and shown in Figure 1 06 i Tfc ^ #2 C ° ntr ° ,S printing of the ri 8 ht 
not fa.l on aVpixel (JPEG lo^L^T^ ™ EG blotk ^^ b *T?^. 2 S ° PECs ^ 
block n below) will be the last JPEG blocZthe 

line printed by SoPEC #2. Pixels in this JP EG block not destined for Lirli ? u""* " 46 
ately setting the LeadOutClipNum Pixels in this JPEfi hS j I P J "™ I8n ° red by a PP r0 Pri- 
at the beginning of each line^e ni o'plx ™ V^££££!2F ^ 
LeadlnClipNum register. ignored at the start of each line is specified by the 

It may also be the case that the CDU writes out more JPPr, w rt ^c »k • , . 

as shown for SoPEC #2 below In thisTas \ Z ZZ S i t ? " ,0 read by the CFU - 

spond to JPEG block m but J^^^SiS^!^^^ CDU is set *> «*- 
block m-I. Thus JPEG block m is not read in by^he CFU " 15 * C0ITes P ond t0 J PEG 



SoPEC #1 
lead-In area 



SoPEC #2 SoPEC #1 
lead-in area lead-out area 



SoPEC #2 
lead-out area 




SoPEC #1 prints left 
side of page 



SoPEC #2 prints right 
side of page 



Figure 106. Lead-in and .ead-out dipping of contone data in mu.ti-SoPEC environment 

Length register defines the size of the ^get S! *JJT V ^f 0 ™ re 8 ister - 

trols the scaling of the last valid pixel ^ £ HCU ' ^ " ** '"^ reS ° 1Uti ° n 3nd C ° n " 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



DRAM interface Unit 



2 - 




64 



decompressed 
contone buffer 



^32 



wr_buff, rd.botf 



✓ '|7 



wr_en, rd_en 



^ S„ wr_self1;Q]. rd_self2:QI 



Y-scaJfng 
control unit 



/ r 8 



K Cb C7 

cotor space converter 
cp3 cp2 cp1 cpQ 



8 



8 



8 



YCfCb2RGfl 



^ tnvert_co)or_^>iane 



I c * * 



configuration 
registers 



8 



^ ^2 



output 
double-buffer 



2^ wr_buff. rd btrff 



_wr_on. rd_en 



J 3 3 11 



— 1 », 

^ Iirrs8 ok to read 


contone 
line store 
interface 





X-scafing 
control unit 



,'32 



/ B 



Contone 
FIFO Unit 



Halftone/Compositor Unit 



] [ 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 



Table 101. CFU port list and description 



Clocks and reset 



pdk 



prst_n 



PCU Interface 



pcu_cfu_seJ 



pcu_rwn 



pcu_adrt6:2) 



pcu_dataoutf31:0} 



cfu_pcu_rdy 



cfu,pcu_data[31:0) 



cfu_diu_rreq 



diu_cfu_rack 



cfu,diu_radr(21:5] 



diu_cfu_rvaltd 



diu_data[63:0] 



CDU Interface 



cdu_cfu_wradv8line 



cfu_cdu_rdad vfine 



HCU Interface 



hcu_cfu_advdot 



cfu_hcu_avail 



cfu_hcu_c0data[7:0] 



cfu_hcu_c1 dataf 7:0] 



cfu_hcu_c2data[7:0] 



cfu,hcu^c3data[7:0] 



In 



In 



System clock 



System reset synchronous active low. 



32 



32 



In 



In 



In 



In 



Out 



Out 



Block select from the PCU. When pcu_cfu_sef is high both 
pcu^adrand pcu_dataout are valid. 



Common read/not-write signal from the PCU. 



PCU address bus. Only 5 bits are required to decode the 
address space for this block. 



Shared write data bus from the PCU. 



Ready signal to the PCU. When cfu_pcu_rdy is high it indicates 
the last cycle of the access. For a write cycle this means 
pcu_dataout has been registered by the block and for a read 
cycle this means the data on cfu _pcu_data is valid. 



Read data bus to the PCU. 



Out 



In 



17 



64 



Out 



In 



In 



CFU read request, active high. A read request must be accom- 
panied by a valid read address. 



Acknowledge from DfU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus, cfu_diu_radr. 



CFU read address. 17 bits wide (256-bit aligned word). 



Read data valid, active high, indicates that valid read data is 
now on the read data bus, diu_data. 



Read data from DRAM. 



In 



Out 



Write 8Kne pulse, active high, fndicates that the CDU has fin- 
ished writing to 8 lines of decompressed contone data to the cir- 
cular buffer in DRAM and the data is available to be read by the 
CFU. 



Read line pulse, active high, indicates that the CFU has finished 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that line of the buffer is now free 



Out 



Out 



Out 



Out 



Out 



Informs the CFU that the HCU has captured the pixel data on 
cfu_hcu_c[0-3ldata lines and the CFU can now place the next 
pixel on the data lines. 



Indicates valid data present on cfujicu_c(0-3jdata lines. 



Pixel of data in contone plane 0. 



Pixel of data in contone plane 1. 



j'ixel of data in contone plane 2. 



Pixel of data in contone plane 3. 
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23.7.2 



Configuration registers 

CFU Note that sine* addresses in sSSSX^S^SSl 5^ ** in 
and writes, the lower 2 bits of the PCU address^ ST ? ^ U 0nly ^P 01 * 32 * bit agister reads 
CFU. When reading a register Z is le« tht^ 32 h * deC ° de * e address space for ^ 



Table 102. CFU registers 




A write to this register causes a reset o f the cfTT 



Writing 1 1 to this register starts the CFU. Writing 0 to this 
register halts the CFU. 

When Go is deasserted the state-machines go to their 

When Go is asserted all counters are reset, but configu- 
rator, registers keep their values (i.e. they don't 

The CFU must be started before the CDU is started 
This register can be read to determine it the CFU is 'run- 

(1 - running. 0 • stopped) 



Numbe, u, JFB, MuUs (or JPEG block equivalents, i.e. 
8x8 bytes) in a line • 1 . 



Pc^nts to me start of the decompressed contone circular' 
A half JPEG block consists of 4 words of 256-bits 
JPEGb^ck 0 " 32 00,1,0,16 PiXe ' S in 4 CO,0fS • U - * a " a 



Points to the end of the decompressed contone circular 
buffer ,n ORAM, aligned to a half JPEG block bouno^ 
(address is inclusive). y 
A half JPEG block consists of 4 words of 256-bits 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
<J"fcfcr block. 



It t « f ,k S6t b6tWeen the Start of one 4 ^ore to 
the start of the next 4 line store. In Figure 108 on 

ST 0 *! «; lf BufStartAdr corresponds to fine 0 btock 0 
S 0 ' + 4 ^ eG/fe ^^sponds to line 4 

This register is required in addition to MaxBlock as the 
number of JPEG biocks in a line required by the CFU 
may be different from the number of JPEG blocks in a 
Ime written by the CDU. 



Set this bit to enable conversion from YCrCb to RGB 
Should not be changed between bands. 
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Table 102. CPU registers 




0x28 



0x2C 



0x30 



0x34 



0x38 



0x3C 



0x40 



0x44 



23.7.3 



HcutineLength 



LeadlnClipNum 



LeadOutCltpNum 



XstartCount 8 



16 



XscaleNum 



XscateDenom 



YscaleNum 



YscareDenom 



0x0000 



0x0 



0x0 



0x00 



0x01 
0x01 



Set these bits to perform bit-wise inversion on a per color 
plane basis. 

bitO - 1 invert color plane 0 

-Odo not convert 
bit1 - 1 invert color plane 1 

- 0 do not convert 
bit2 - 1 invert color plane 2 

• 0 do not convert 
bit3 - 1 invert color plane 3 
Should not be changed between bands. 



Number of contone pixels - 1 in a line (after scaling) 
Equals the number of hcu cfu dotadv pulses - 1 
received from the HCU for each line of contone data 



Number of contone pixels to be ignored at the start of a 
line (from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be ignored at the end of a 
line (from JPEG block MaxBlock in a line). Tney are not 
passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be ioaded at the start of every line into the coun- 
ter used for scaling in the X direction. Used to control the 
scaling of the first pixel in a Jine to be sent to the HCU 
This value will typically be zero, except in the case where 
a number of dots are dipped on the lead in to a line. 



Numerator of contone scale factor in X direction. 



0x01 



0x01 



Denominator of contone scale factor in X direction. 



Numerator of contone scale factor in Y direction. 



Denominator of contone scale factor in Y direction. 



Storage of decompressed contone data in DRAM 

The CFU reads decompressed contone data from DRAM in single 256-bit accesses JPFG hWW *r 
fsTn°3T d T ^ St ° red " DRAM With the Relent aTsho™ f L^en 

n eaS ISSS^^ £ by the SO that 4 components 

56 bt £55 ^ ^ ^ ^ CFU ^ 64 ' bitS h 4 C0, °- fr0m * ^ «« i-ach 
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4 line 
store 



DRAM 



4 line 
store 



ORAM word q 
ORAM word q+4 



ORAM word q<Mln 



JPEG Nock n 
Rnes 0 to 3 



JPEG Woeko 
nnes4to7 



JPEG block 1 
tines 4 to 7 



JPEG block n 
lines 4 to 7 



DRAM wordp 

DRAM word 044 

• 

• 
• 

• 

i 

t 






JPEG block 0 
lines 0 to 3 




U3iO I C2L0 i r.un . ^ n 
C3L.1 i C2L1 , cili ! ^ 


JPEG Mock 1 
Ones 0 to 3 




C3U i C2L2 i nno . mi o 








i 




' C2L3 r C1I.^ r^f 



wordp 
wordp+1 
wordp+2 
wordp+3 



255 



127 



63 



- 


-Q2L4J 


C1L4 . 


_C0L4 


cq^ 


C2L5 i 


C1L5 i 


COLS 


C3^e i 


C2L6 i 


C1L6 i 


COLS 


[ C3L7 I 


C2L7 i 


C1L7 i 


C0L7 



word q 
word q>l 
word q+2 
word q+3 



Implies one 256 bit read of a word in DRAM 



CX - Color X 
LY ■ Une Y or 8 bytes of a line In a JPEG block 



R.u~ 10S. DRAM stora S e arrangement for a sin gI e Hne of ,P EG blocks in 4 colors 

™mo"r dS *"* ,ine at a rirne in 4 co,ors from DRAM - , 



line 0, block 0 in word p of dram 
line 0, block 1 in word p + 4 of dram 

line 0, block n in word p+4n of DRAM 
(repeat to read line a number of times 

line 1, block 0 in word p + l of DRAM 
line 1. block 1 in word p+5 of DRAM 



! read sequence, as shown in Figure 108, is 



according to scale factor) 



The CFU reads a complete line in up to 4 colors a V c^u r« ♦ 

moves on to read the next. When the C W to fW^iS r ^ nianber of times from DRAM before it 
becomes available for the CDU to write to l ° g 4 ^ ° f COntone **» th * 4 line store 

23.7.4 Decompressed contone buffer 

Since the CFU reads 256 bits (4 color* v Ad \ a. 

at its input. The CFU rec^ the clt ^^^?\^^««««-«f 2x256 bit, 
cycle). It is implemented as 4 buffers Each buffer^ f » ^ CydeS (64 " bits of a ™& color per 
account for the 64-bit data transfer S^'ZS^J^ T ^ W * °^ Ut buffer l ° 

o:r; r ~" chbufferisac ^ 
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23.7.5 Y-scaling control unit 



DRAM in single 256-bit accesses, receiving fc e dSa froTL^n r TT'f C ° nt ° ne ^ is read from 
The protocol and timing for read ac£ ss^ f to DR^mT^! J^T" 4 ° °° k Cydes C64 " bits P er ^le). 
*— DRAM are in^^^ 

ESKS&tlS 1 - —sand nags 

toff-**.*** nags to ten k^^££i s £ t£SZSZ> re,ies r 1,16 ^-^-^ i 

When Hne8_ok_ to _r ea d is 0 the state nSne 212 e offompressed contone data from DRAM. 

^hinecontinuestoloadoataStotSde^^Sl ^"f ^ lM -**J°-r™* " 1 the state 
space available in the buffer decompressed contone buffer up to 256-bits at a time while there is 

that writes are to occur to. ^ a SIngle b,t ( wr —b u Jff) for the current buffer 

of data from DRAM to the buffer selected by^td S# * * ^ ^ 

"/.en and r^e/ gets incremented To poTmTo he 2 valu^ 1* ^ buffer by 

write the data to the output double-buffer of he CPU then fi^t h T - ^ f0 " 0win8 ^ to 

bl ,1 and ^ en is ^ed, ^^[rU^^J^^^ * e buff ". ^ ^ 

££ «^t^,i ti 5J2S^T^ V" Y - SCa,C faCtor ' bef - CPU moves 
direction is thus performed decom P resse < 1 contone data. Scaling to the printhead resolution in the Y 

^s^^^^^j^r fr r D r M is ° n * p* *■* basis. 

both curr_halMock an7/*e * t^ofl^Z^ ^ Z 3 1 is wri «« '° 

loaded with ^cale_ d eno m . ic^ZZ y £ *J£ t ^It?^"' "J < 
imes from DRAM. The aI gorithm £ -n-mtegt^^^ 

// assign read address output to DRAM 
cdu_diu_wadr(21:7) = curr_half block 
cdu_diu_wadr[6:5) = lineflsOJ 

" xT^t',"::-/- 3 " 1 ^ 0 "- - -* — .ft« each dram read access 

lf £=~Vo IMX - blOC, ° the " " - - reading . line 0 f contone in up to 4 colors 

y_scale_cou„ e , y^hETZ/Sr ~ °» T 
pulse RdAdvline V-Scale.denom - y_scale_num 

if (line =» 3) then // „„ ^ , 
" ^ ° f readi "9 4 ^ne store of contone data 
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line 



// update half block address for ***** * 

// address wrapping in circ uI fr bu f e " a^dTl , ^ ~" 

curr_halfblock = buff^start adr 

elsif n ?7r Art - adr ' buff - s ^rt:adr 
eisxf (<line_start adr ♦ diino 

eurrj^ifb!^ " ^«_i Ca "t "al " ' == bu "- e "<*-«<*> , then 
eis Une_ Start _ adr = buff _ start:adr 

: : 



line_start_adr 



else 

line ++ 

curr_half block 

else 

// re-read current line from DRAM 
y^scale.count = y_scale^count Ty scal , _» 
else CUrr " halfb1 ^ = line^s^ar^ y - SC ° le - denom 
block + + 

curr_half block + * 
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cfu_diu_ireq = 0 

wr_sel * 0 
wr_adv_buff = 0 



ReaatOftnfffi n — ff 
cJu_diu_rreq a 0 

wr_sel b o 
wr_acfv_buff * 0 

I 

reset j 



< 



idle 



c 



3 



Go ^ 1 

cfu_dlu rreq = 0 
wr_adv_buff = 0 



req 



c 



> 



jtn eS Ok tr> rftftrfA^ p 



jafl oh writft 

c*u_diu_JTeq = 1 
wr_sel = 0 
wr_adv_buff = 0 



ack 



c 



3 



cfu_diu_rreq = 0 
wr_se! * o 
wr,adv_buff « o 



readl 



c 



cfu_diu_rreq = o 
wr_sel = 0 
wr_adv_bufl = 0 



read2 



c 



3 



dlu Cflj f yaftd a» 1 

cfu_dfu_rreq = 0 
wr_seJ «= 1 
wr_adv_buff - o 



read3 



3 



cfu_diu rrea = 0 



diu_rreq = o ~ 
wr.sel * 2 
wr_adv_buff * 0 



read4 ^ 



cfu_diu_rreq j 
wr_sel = 3 
wr_adv_bu#f 3 1 



Figure 109. State machine to read decompressed contone data from DRAM 
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23.7.6 Contone line store interface 

The caenone line store iaterfhee ^ color P 1 " ">« <*' CFU reads there lfae-at-itLe 

DRAM when the CDU has written g^Sfi o ££££ "if™^ * «- from 

hnes. ,t sends an c*u*j~*«ta. pulse to S Ci? 2 ST haS ^ ^ 8 

CFU may continue reading from DRAM as long as buffhZ, buff 1 ' mes - aval1 ,s ceremented by 8. The 
set while buffjines_avail is greater than C fwK. ft r ? 2* greater ^ °- *» «** is 

from DRAM, the Y-scalin 8 ^JTiS^JSIS^ finiShed ^ a line of ^one daS 
CDU to free up the line in the buffer in DRAM bTun " ^ 2 C ° m ° ne ,ine St0re bterface «* to the 
v/.«e pulse. " UKAM - "Wrt * decremented by 1 on receiving a fl^rf- 



23.7.7 



Color Space Converter (CSC) 



The color space converter consists of 2 staee^- mf ;™ei i 

optional bit-wise inversion in up to 4 color ptn£ ' C ° DVerS1 ° n fr ° m YCrCb to RGB flowed by 

The convert YCrCb to RGB block takes 1 s k;» . j ^ 

data Y CrCb or rgb. The Y<££g B J2S ^ «- <^ - outputs either the same 

RGB. If YCrCb2RGB equals 0, the conveS^ oes no tike 2clVS ft ° m YCrCb to 

second stage. The 4th color plane if present hZIZ !u P ' ™ d thc mput P ,xe,s P**ed to the 
latency of the convert YCrCb'to R^S^?^"™ ™* block. £ote that tne 

plane as it bypasses the block. Y Iatency should be equalized for the 4th color 

S^XfTSiSSrs: r^hK ;"vs;— — - — of 

If YCrCb2RGB equals 0 and W.coforjtoeea.alsflDOfi ™ . 

take place, so the output pixels will be thetame Z t^input pixeb C ° nVerS '° n " ^ inVCrSi ° n wiU 
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Figure 110 shows a block diagram of the color space converter. 



color space" 
converter/inverter 



—j — y- — 


j ^ 


1 8 




— 1 7* 


► 


1 8 




— S ^-r- 






► 



7^ 1] k [ / 




YCrCb2RGB 



6 



-*cpO 



■> cp1 



cp2 



> cp3 



fnvert_coFor _plane 



23.7.8 



Figure 110. Block diagram of color space converter 

£ OS S*"t^^ ^ '0 ^ coefficients are 

version is implemented as follows- ^ aCCUraCy IS """"^ with ' « bits. The con- 

• R* = Y + (359/256XCr-128) 

• G* = Y - (1 83/256XCr- 1 28) - (88/256)(Cb- 1 28) 

• B* = Y + (454/256)(Cb-128) 

X-scaling control unit 

the mechanism for keeping of £ ™i «ad IT f i V" P™'^ ° UtpUt rcSoIution » P rov ^es 
read from until it has been wSen to ^ buffers > and ensures a buffer cannot be 

It also keeps a single bit 

that writes are to occur to. fi ° m ' and 3 SlngIc blt O"-*0) for the current buffer 

The output value outbuff_ok_to_write equals -buff availfwr huff! r™, • , 



1. -179 is saturated to 0 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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ignored, i.e. they are not written to the outnnt k„«- r , ■ 

if (wradv „ i) chen 

else 

Pixel^count ++ 
if ((Pixel count < le a din_clip_ num) 

<P«tel_coune > ({nax blo^v mih 
el J r - en " 0 ^-MocJc.bUl, - le a dout_clip_ nuln))) then 

vr_en = l 

When a w_«i pulse is sent to the output douhi* k, .« ^ 

The output cjujicu avail equals ^'^^ is •* - -_^ is inverted 

HCU that ^ is a^KSa T^HC^^ ^ *" -dicates to the 
mdtcate that the HCU has captured the pixd^^?* " C " re , Sponds ^ AcM c/w ££™ 

the next p.xel on the data lines. P 3 ° n [0-3] data lines and the CFlfcan now place 

The input pixels from the CSC may be scaled »„„„•. 



^ (hcu_ C fu.do t adv =, i, then 

1 (x.acale^counc + x.scal, 

x_scale_count = x_scale 
rd_en - 1 

se 

x -Scale_count « x «5r-«i« „ 

rd_en = o x - s «le_counc ♦ *_sc a i e _d e non, 



., 7 - uocaov ==» 1) Chen 

11 <x_scale_coune + x sc «]«. 

*_ S c a ie_coun t = x ^l^u"™" X - sc f le -"™> >= o, then 



else 



else 

x_scale_count = c-^. r ^ 
rd_en = o *-S=«le_count 



When , . n^. pulse is received, buff^aUfr^ is cIeared , ^ „, 

A 1 6-bit counter, dot_adv count is used t„ i- averted. 
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24 Lossless Bi-level Decoder (LBD) 



24,1 Overview 



s^S^^ data. ,n 

Has ^^tt&s^sz r Trr from DRAM - ^ lbd * 

the number of lines to d«^^S5Stl2£^s5S TI ^ ""^ ^ and 
compression, the LBD can cope with any coniralSHS! f ? ° be aWe t0 print text at 1 0: 1 

pass-through mode is provide? ^l^ZE^S^! TT - ^ i$ aVai,ab,C - A 
50:,. Lossless bi-,eve! compression Jo7^ g ^f^TK,^*^ ^ 
which compress poorly. ^ 0,1 10:1 Possible for pages 

o^n:?F^ 

unit) for the next stage in the primS'pSe^e SSST T* MS <" a] ^Compositor 
is used by the PCU aid is avaTSS^o " cIS * 3 COntrol fla * 



ORAM 
Interlace Unft 



PCU 



fbd_ftn,shedband 
« 



LSD 



Spot FIFO 
Unit 



HCU 



24.2 Main features of LBD 



Figure 111. High level block diagram of LBD in context 



Figure 112 shows a schematic outline of the LBD and SFU. 

.. 1600 dpi P P '' ^ '' nC " UfferS ' beref ° re «• '°»» ooough 10 store a cwptaJE. 

processing latency. ,o be absS ™ q °" ed - ^ ,s f « """""a stalls, e.g. due to band 

-STo^^rr*" 

^T < S^^ P ^ D ^'^.^ M ^^? * «- "P.. «FO Unit (SFU). This 
lines op ,„ . pn, g LrnJ^r„l^ii^ Spir^r DRjU * -»*«*y ' 

oooeas to OI^M. Therefore Se^ ge^^g^?' ^ g g * 
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S3 



A signal sfu_ldb_rdy indicates that both the SFU'« A/ ,r- DRAM. 

writing and reading, respectively. *" SFU S NextLi ™ F ™ and PrevLineFTFO are available for 

Kbytes of storage. ^J*" of «««e. An A3 line of 19488 dots requires 2.4 

The compressed spot data can be read at a rate of 1 bit/cycle for Da .« th u 

The LBD finished band signal is exported h. P ^ m ° de 1:1 com P r ««on. 

agnal exported to the PCU and is additionally available to the CPU as an inter 



LBD 



FIFO 



SFU 




FITO nextjfne FIFO prev 



Jfne 



nFO currjlne 



-2_ 



DRAM read 



All FIFOs are 64 bytes 
{twice the ORAM data 
word width) 



64 

► DRAM write 

64 

-y- DRAM read 



HCU 



Figure 112. Schematic outline of the LBD 



and the SFU 





24.2.1 



Bi-level Decoding in the LBD 

s^n ^T^S^ <** 4 (SMG4) compres- 

feogth -codings. The encoding t£Z rSmZ laSeC" " ** ™ 



E 



So 



■fc CO 

o c 
§ 6 

5f 



1000 



tio 



010 



110000 



010000 



100000 



000000 



<RLxRL>100 




Vertical(l): aO <- P 1 + 1 , color ^ (color 



Vertical^): a Q <- b1 - 1 , color - icoior 



Vertical(2): aO <-~ b 1 + 2, color = fcolor 



VertlcaJ(-2):a0^b1-2,color = Icoior 



Vertical(3):a0<-b1+3. color == lector 



Vertical(-3):a0*-b1 - 3, color = Icoior 



Horizontal: aO *- a0 + <RL> + <RL> 



^ *™ g h mode is activated 

number of bits, whichever is shorter. The LTdaTrT S 1 T J™* ° f hM ° f f ° r 3 P re -P™gnunmed 
followed by pass through. The pass tb^S^X^ ^ ? M u * Iun - I «** code - 
thanorequaJto31. tnrougn escape code 1S a medium length run-length with a nan of less 



Table 104. Run length (RL) encodings 




p c 
E 

31 



RRRRR1 



RRRRRRRRRR1Q 



RRRRRRRR10 



RRRRRRRRRR10 



RRRRRRRR10 



Short Black Runlength (5 bits) 
jhort White Runtength (5 bits) 



Medium Bfack Runlength (10 bits) 



Medium White Runtength (8 bits) 



Medium Black Runlength with RRRRRRRRRR <= 31 
Enter pass through 



RRRRRRRRRRRRRRRQ Q 

RRRRRRRRRRRrrrrqq" 



Medium White Runlength with RRRRRRRR <= 31 
Enter pass through 



Long Black Runlength (15 bits) 



Long White Runlength (1 5 bits) 
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Since the compression is a bitstream, the encodings are ™h nnw n • ^ 

icant bit). The run lengths given as fblRli bSSS T*"* V * (m ° St Signif ~ 
the nght to most significant bit at the left). lhe Same way ° ea5t significant bit at 

pass .he ftlB » ,he LBD *s u»-comp^d ?" " C """ ,s lto * is " <» =»er .0 

n,enW in ft. PEC, vemen of ^LrnVt^H^^ 1 " V*" We *« "» ™ ™P'«" 
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J3 



24.2.2 



•tm* pror^nedn^be, ofbte cite end £2 W " ° f biB » 1»» ttaou.hE 

DRAM Access Requirements 

To ft I « 4 nr- rtn ■ . * . 



TfblelOS. DRAM bandwidth requirement.. 



Direction 



Maximum number of 
cycles between each 
25643ft DRAM access 



Peak Bandwidth 
(bits/cycle) 



Average Bandwidth 
(bita/cycJe) 
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24.3 Implementation 



24.3.1 Definitions of IO 



Table 106. LBD Port List 




cdu_endofbandstore{21 :5J 



cdu_startofbandstore[21 :5J 



lbd_Jmishedband 



DfU Interface signals 



17 



In 



Out 



Address of the end of the current band of data 
256-bit word aligned DRAM address. 



Address of the start of the current band of data 
256-bit word aligned DRAM address. 



LBD finished band signal to PCU and Interrupt ConlrolleT" 



lbd_diu_rreq 



lbd_diu_radr(21:5] 



diujbd_rack 



diu_data{63:0] 



17 



Out 



Out 



In 



diu_lbd_rvalid 



PCU Interface data and control signals 



of n^ 6818 A read request ™ st b * accom- 

panted by a valid read address. 



Read address to DIU 
17 bits wide (256-bit aligned word). 



Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 
lbd_dsu_rudr. 



Data from DIU to SoPEC Units. 
First 64-bits is bits 63:0 of 256 bit word. 
Second 64-bits is brts 127:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
fourth 64-bits is bits 255:192 of 256 bit word 



Signal from DIU telling SoPEC Unit that valid read data is" 
on the diu_data bus 



pcu_addrf5:2] 



pcu_dataout(31:0] 



lbd_pcu_datain[31:0] 



pcu_rwn 



pcujbd_sel 



lbd_pcu_rdy 



32 



32 



SFU Interface data and control signals 



In 



Out 



In 



(n 



Out 



PCU address bus. Only 4 bits are required to decode the 
address space tor this block. 



Shared write data bus from the PCU. 



Read data bus from the LBD to the PCU. 



Common read/not-write signal from the PCU. 



Block ; select from the PCU. When pcujbd^se! is high both" 
pcu_addrand pcu_dataout are valid. 

15??! <0 PCU ' When tb «^™~rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on tbd_pcu_datain is 



sfu_fbd_rdy 



In 




Ready signal indicating SFU has previous line data 
available for reading and is also ready to be written 
to. 
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24.3.2 Configuration Regfsters 

Table 107. LBD Configuration Registers 




Go 



0x0 



A write to this register causes a reset of 
the LBD. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Setup registers (constant for during processing the page) 



Writing 1 to this register starts the LBD. 
Writing 0 to this register halts the LBD. 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The LBD should only be started after the 
SFU is started. 

This register can be read to determine if 
the LBD is running 
(1 - running, Q - stopped) . 



0x08 



OxOC 



0x10 



LineLength 



PassTh rough Enable 



PassThroughDotLength 



16 



0x0000 



0x1 



16 



Wortc registers (need to be set up before processing a band) 



Width of expanded bi-levei line (in dots) 
(must be a multiple of 16 bits). 



0x0000 



Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC 1 . 



Number of dots for which pass-through 
mode win last. If the end of the line is 
reached first then passthrough will be disa- 
bled. 



0x14 



NextBandCurrReadAdr[2 1 :5J 
(256-bit aligned DRAM address) 



0x18 



NextBandLinesRemaining 



17 



15 



0x0000 
0 



0x0000 



Shadow register which is copied to 
CurrReadAdrwhen (NextBandEnabie == 1 
& Go == 0). 

NextBandCunReadAdns the address of 
the start of the next band of compressed 
bi-level data in ORAM. 



Shadow register which is copied to Lines- 
Remaining when (NextBandEnabie ==x 1 & 
Go«0). 

NextBandUnesRemaining'ts the number of 
lines to be decoded in the next band of 
compressed bi-leyel data. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 307 



SoPEC : Hardware Design 



Table 107. LBD Configuration Registers 



pa 




mm 


m 




0x20 








onaoow register which is copied to P/ev- 
UneSource when (NextBandEnable = ; 
£ Go == 0). I 

1 - use the previous fine read from the SFU 
for decoding the first line at the start of th* 
next band. 6 
0 - ignore the previous line read from the 
SFU for decoding the first fine at the start 
of the next band (an all 0's line is used 
instead). 


Work registers (re 


NextBandEnable 
ad only for external access) 


1 




0x0 


If {NextBandEnable == 1 & Go = 0) then 
-NextBandCurrReadAdris copied to 
CurrReadAdr, 

'NextBandLmesRemainingia copied 
to UnesRemafnmg, 
-NextBandPrevLineSourcB is copied 
to PrevUneSource, ! 
-Go is set, 

ivexiBanacnaDle is cleared. 
To start LBD processing NextBandEnable 
should be set. 


0x24 
0x28 


CurrReadAdr(2l;5j 

(256-bit aligned DRAM address) 


17 




The current 256-bit aligned read address 
within the compressed bi-level image 
(DRAM address). Read only register. 


0x2C 


UnesRematning 


15 




Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register 


0x30 


PrevUneSource 


1 




1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start I 
of the next band (an all 0's Jine is used 
instead). 

Read only register. 


0x34 


CurrWriteAdr 


15 




The current dot position for writing to the 
SFU. Read only register. 




FirstUneOfBand 


1 


I 


Indicates whether the current line is con- 
sidered to be the first line of the band. 
Read only register. 







24.3.3 



Starting the LBD between bands 

The LBD should be started after the SFT r *n,- r ot^ - 

bi-level data, a decode line length, the sowceoV the JSfT ?* * *"* f ° T the c ^P«ssed 

and then stops, clearing it's Go bit and issuing a nulsTonX ? V^f LB ° deC ° deS a sin S le band 
There are 4 mechanisms for restarting the LBD between bands: 
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SlfJif CaUSCS 211 mt 1 enupt to * e CPU - ^ LBD ^ve stopped and cleared its 
Go bit The CPU reprograms the LBD. typically the NextBandCurrReadAdr. NextBaZdiines 
^ shadow register and sets ^wSfto rcS, 

BandPrevLineScurce shadow registers and sets the NextBandEnable flag before Se end ofdie 

AM^ S pr0gramm , ed »° Ibdjinishedband triggers the PCU to execute commands from 

!^ S J ad ° 1 W rCglSterS 311(1 set NextBandEnable to restart the LBD The advan- 

tage of th,s scheme ,s that the CPU could process band headers in advance and store ie banT 
commands in DRAM ready for execution. 

"'T^nS v C °,» bin ^ °" f C ab ° Ve - 711,5 PCU < rather to the CPU in 6) programs the 
LBD s ^r^C^e^. NkuBa^dU^eOUmalnlng. and NextBandPrL^Z Te 
shadow registers and sets the NextBandEnable flag before the end of the current band At the 
end of the band the LBD clears Go and pulses Ibdjinishedband. NextBandTnllle^i set 
so the LBD restarts immediately. Simultaneously, /W^uWWtriggefsThe P?U to feteh 
Zt« The LBD will have restarted by the time the PCU hL Sed 

ntors commands program lbd>s shad ° w «* 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 113. 



ORAM Interface Unit 



v64 



07 



lossless bMevol 
do coder unit 



Stream 
Decoder 



2/ 



15. 



^pass_through_doLtength 



^ pass„through_enabJe 



prev_ h'ne_ source 



Register and 



J 



fin es_ remaining, 



Command 
Controller 



15/ 



PneJength 

Jbd^finishedband 



^control t 


Next Edge 
Unit 






' 



Line RIJ 
Unit 



I tbd.s fu 



sfu. 



sfujt d_rf^ 



_data 
datavalid 



1 Idb. 



18_lbd| 



End of Band 
Unit 



pladvwor 



ibd_pfdala 



Previous 
Line Buffer 



Spot FIFO 
Unit 



.advline 



sfu^wdate 

wdata valid 
► 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bi-level decoder 
The LBD contains the following sub-blocks: 
Table 108. Functional sub-blocks In the LBD 



Registers and 
Resets 



Stream Decoder 



Command Controller 



Next Edge Unit 



^^^^^^^^^^ 



D 'T e ' dMC *" w bom <he DRAM through the DIU Inter- " 



P^des the next edge unit starting address gjg^g nS "dge 
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24.3.5 



24.3.6 



In the following description the LBD decodes data for its current ««. k . - . . 

SFU's next line buffer. ecode ,,ne but TOtes ^s data into the 

Naming of signals and logical blocks are taken from [18]. 
The LBD is able to stall mid-line should the SFU be imahu 

line frame due to band processing latency PPl * * PreV10US hne or receive a ^ent 

Registers and Resets sub-block description 

ters. The register descripnoS WD^Sn "S,!^ ^ ^ ^ ^ 
t^LBD 81 JSSJSS JwSff r ^ ^ -nnguration values are written 

LBD ignores the previous ^IT^onsZ^^rT S ° ^ is M If a 0 * ^tten the 

line regardless of what the out oTmeTS is ?? « receiving all zeros for the previous 

Ibd 2 * t^Syrsir r T ss by the rest of the LBD - *e * 

pressed data stream. requesting data from the DIU and commence decoding of the com- 

Stream Decoder Sub-block Description 

S^^^S^^,^^ DRAM v la the D,U (single accesses of 

the emp* space create by me b£el Sffi ^ ^' f ^ W ° rd from 1116 FIFO "> »P 
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A dataflow block diagram of the stream decoder is shown fa Figure 1 14. 




Figure 114. Stream decoder block diagram 



24.3.6. 1 DecodeC - Decode Command 

The DecodeC logic encodes the command from bits 6 0 nfth- k , _ 

mands: SKIP. VERTICAL and RUNLENGTH 7ai s >* t vidt ™ tat * naun . t0 outout ™ of three corn- 
consumed, which feeds back to the barrel shift register ^ * h ° W man y bits w «re 

as a medium runlength this tell the S^S^Elt^ ' eSS 3 '"coded 

length ,s decoded comp Ie tely the LBD enters ^JJSSiST! ^'^a ,hiS ™' 

be a number of bits that represent uncompressed Ibe LBD SS^ n™ 8 * e mnlen 8 th there ™» 
all these bits have been decoded successful* w£ £^ SLT Y W f -^£/C/f mode until 
or the hne ends, which ever comes first. CC 3 P^S^xnmed number of bits is reached 

24.3. 6. 2 DecodeD - Decode Delta 

h^n^ 

15 bit number, which is general.y considered" Tposi ive tTim« ? '* ^ ^ ° UtpUt is * 
dots for an A4 page and 19488 dots for an A3 page fo 3 768?, , I"" 5 l ° ODly addrcss t0 13824 

— ^ _page (of 32,768), a 2 s compl ement representation of -3 -2 - 
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l^Uwork correctly for the data pipeline that follows. This unit also outputs how many bits were con- 



Suit S tlSSSK? ? T^' DeC ° d f 1531565 ** bitS that rCpresent * e "^-compressed data and 
this is used by the Line Fill Unit to construct the current line frame. DecodeD parses the bits at onebit ner 
clock cycle and passes the bit in the less significant bit location of delta to the LeSl unit ? 

ZZ'tZ^ZZ*™? t SJ h,0W COl ° r ° f fte ™ B ,en * h 10 decod e it correctly as black and white 
irr™^^ ^ $tream *»— ^ *"* <* «" -t co.or base/on the curSnJot 



and the current command. 
24.3.6.3 State-machine 



SpS? r K n t con . Unu ° us ^ f * ches consecutive DRAM data whenever there is enough free space in 

mand SS! y mT 8 S™ 1 SWft Ml S ° ft CaD COntinua »y decode command for tS^m- 

mand controller. Note in F.gure 114 that each read cycle curr read addr is combed To 

mfmoS Jf 0 ^ ' nV™ m CqUa1 ' - read - addr is l0aded witi Z^cn-cular 
W w ng) - J ° the u nV1Se ^-^L^ is simply incremented, stan of band ston and 

SfcSftSST neCd t0 * Proeramed S ° *" ^ *— betWCen ^em is a muWpfe ofCSo-t 

^LEt££ dCCOdCS 1 ^ COmmand ' StatC -*« ^ - ^ -mictions to 
The RUNLENGTH command has two different run lengths. The two run lengths are passed to the com 
3 H° n wl 35 S6Par l te ^^"instructions. In the first instruction fetch, the Isx run 

SSl * StatC ^ 6 SClCCtS DeC ° deD Shift vaIue for the barrel shift - m the i!ELStaX££ 
fetch from the command controller another RUNLENGTH instruction is generated and me rSeS S 

T^sss^ jssl* forcine ^ cc to outp * a — - ™<™ «£S£2 

I^«2IS]^!2^ ,,,, ^w th : ^fr^^^nimand is issued every time the command control- 
ler requests a new command. It does this until all the un-compressed bits have been processed. 

24.3.7 Command Controller Sub-block Description 

A dataflow block diagram of the command controller is shown in Figure 1 15 Note that data name* <„rh » c 
r V fr ° m I18L and they denote the ref — or changTng efcment 

Spe'tivS. " 8118,1,8 eIemCm OB ** refCrenCe ,ine 10 * C ^ of - '** oppositTcolort^ 
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24.3.7.1 State machine 



Figure 115. Command controller block diagram 
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T*e flowing is an expiation of all the states that the state machine utilizes. 

(Next Edge Unit), the SO (Stream Decoder) and £ SFU Z e Tdv * been ^ the 

iV AWA1T_BUFFER X " 

state w hen the state machine in the^t/has entered SfiSS JSJKST? iS ab,e to ' eaVC this 

mand controller can proceed to the PARSE state NEU -XVWMG state. Once this occurs the com- 

*'« PAUSEjCC 

due to band processing latency.^ JS£^£ZS£S°^ *" ^ "» 3,50 Sta11 
decoder gets more of the compressed data streak fr^m the "? MedS to pause «"« the s ^ 

frames All of the remaining states check S5£E£ ,o ~o £ * ordeli — 

decoder) or \T sfujbd_rdy goes to zero and that Ae LB^ne^T ( ^ ° teS a of 1,16 

command controller enters to achieve this and! do^S?«? ""^ *^- CC » state that the 
both asserted and the LBD can ^ommlT^^T "** and are 

iv PARSE . 8 " 
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When in this state the command controller can receive one of four valid commands: 
a) Runlength or Horizontal 

^muTt^^ 

mand controller to wait forSe Line Fii! uSt (£Si TtlS, « . a ' * to nCCCSSaiy for * e com ' 
changes into the ^oSSSjJS. *" ^ 7116 controller 

When the current line position. aO, and the delta together equal or exceed the LINE LFW-th u- u - 
programmed during initialisation, then this denotes that it is the end offe—r ^ ' WlUch ,S 
troller signals this to the rest of the LBD and then ren^ to the START sLT ^ co - 

^ Vertical 

™« skills ssiisascr wh, , ch ?*• ^ --— • — - 

Should the next edge not be detected in the current frame under review in the NET J rh.n * 
controller enters the WAITJVRjm state and waits the re until ^e^dge fs foS C 
Skip 

^S^^SSS^J^^ T"?* bUt Ae C0l °' in - -ent line is not 

that tie ~a\r^ ^rr^ f p commands 

the current color in this case. ^»ca/(0) commands and has been coded not to change 

d) Pass Through 

cessed in one clock cycle. command received from the stream decoder can always be pro- 

v WAJT_FORJiUNLENGTH 

cloclc cyct the con^^n^l^ mS^^S^S^^ ** 
LENGTH data has been consumed. Once finished , «d In^SV? UNLE " G ™ *?* ^ *£W- 
controller will return to the PAAHT State P " n0t Cnd ° fths Hne the co ™ d 

w WAIT_FORJNE 

return to the /»^W£- state. ° f ** llne ** <*>nwiand controller will 
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vii FINISH_LINE 




24.3.8 



Figure 116. State diagram for the Command Controller (CC) state machine 
Next Edge Unit Sub-block Description 

SFU and it buffers the iJJlff^^,?** the interfa <* to the 

Controller supplies the current address this ^ X ^" f 0 ' * n edge d<5teCt 0peration the Command 
the end of a nm length. With SfSS^SSE^S tl^vT T but * C0U,d b * 
ATCtf will search the previous line for the n«Se I? a ,1 r P ?'? d *** ^ the 

Command Controller as the next address b^^X^^ **, J^"*™ location to the 
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Command Controller 



Line 
Fill 
Unit 



4d_color 



15. 



vmiribs^zero 



15, 



»4k 4 

O 



15 



state 
machine 



control 
signals 



Stream Decoder 



15 



Ui 



detect 



prev_fine_a 

prov_tine_b 
* 1 



16 



buffer 



plbuff_fdy 



v. 



Ibd; 



Next Edge Unit 



sfujbd pldata 

- — ^ 



16 



,sfu_pladvwon 



SFU 



,sfu_adv«ne 



Figure 117. Next Edge Unit block diagram 



24.3.8.1 NEU Buffer 



struct the current frame of the current line. ed fr ° m the prevlOUS hne to COn " 
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16 

_prev_Rne_a 4 — yl_ 



(1* 



16 

use_prev_|jr^_b 4 — ^ 



PLbufll/dy- 



16 



sfu_lbd_pidata 



p!_bttff^rrfy_dly 

Figure 118, Next edge unit buffer diagram 

The output of the buffer are two I6~bit vector* i* 



24.3.8.2 NEU Edge Detect 
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15 



use.P'»v..Uno_a 



J c 



16 



use_prevjine_b 



transftton_wtob 



J C 



transitior>,btow 



19, 



coior.neu 



19, 



19,' decode_b_ext & decoded & F IRST FLU WRITE 



19 y end_frame 
M9^ 




masked^data 



encode, b_ one, hot 



19J 



encode_b_4bit 
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b1p 

Figure 1 19. Next edge unit edge detect diagram 

The output of the multiplexer is masked against a 1 9-bit v^rtnr tK* ■ • . 

catenated together: We_*_ w . AcoA^^^S^ ,S e0mpMed ° f ^ paitS COn " 

and including «* aTlTan^t^ ^oTXl £ SZE^JT* * *" ?* *™ 
transitions be.ow a0 are ignored and the first transit SgT *" ^ 
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Tabre 109. Pecode,b truth table 





1 i^/Z\Y^*PS?Z^7rr7^^?u 




0000 


1111111111111111 


0001 


1111111111111110 


0010 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 


1010 


1111110000000000 


1011 


1111100000000000 


1100 ( 


1111000000000000 


1101 


mooooooooooooo 


1110 


1100000000000000 


1111 


1 ooooooooooooooo 



necessary bits can be used by the NEU " .SSTr J£ ^^-f*' Mock supplies the mask so that the 
block. y ^ ° detCCt edge lf P resenf . Table 1 1 0 shows the truth table for this 



Table 1 10- Oecode_b_ext truth table 



1111111 




Vertical(-3) 


111 


VerlJca!(-2) 


111 


VerticaJ(-l) 


011 


OTHERS 


001 J 



is imaginary set at a position^, SSX^^T^^T e!ement ' * ° R each C ° ding ,ine 
menf. transitions^ inSo^tJ^S^^ r ** * piCtUre C,e - 

is only used by the NEU if it is nTr^ked <Z £- ? P ! *" ^ f ° f CVeiy sin « Ie Howev er it 

asserted at the beginning of a line! * ^ ^ ^^LUJ^RTIE ii * 1 ' which is only 

s-^s ^^csssssr* ? ement " ^ case ^ *« ^ * 

element is coded". This means Aat „o ™» fc «magmary changing element situated after the last acUial 
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24.3.8.3 Encode_b_one_hot 

Table 111. Encode_b_one_hot Truth Table 



xxxxxxxxxxxxxxxxxxi 


0000000000000000001 


xxxxxxxxxxxxxxxxxio 


000O00000000OOOO0 1 ft 


XXXXXXXXXXXXXXXX 1 00 


00000000000 QOOOfn nn 


XXXXXXXXXXXXXXX1 000 


OOOOOOOOOOOOOnn i nnn 


; XXXXXXXXXXXXXX 10000 


OOOOOOOOOOOOO0 1 nrmn 


XXXXXXXXXXXXX1 00000 


OOOOOflfiOftlWim nn/wv 


XXXXXXXXXXXX 1 00 0000 


uuwUUUOOOO0 1000000 


XXXXXXXXXXX 1 0000000 


0000000000010000000 | 


XXXXXXXXXX 1 00000000 


0000000000 1 00000000 [ 


XXXXXXXXX1 000000000 


000000000 1 ooooooooo 


XXXXXXXX 1 0000000000 


000000001 0000000000 


XXXXXXX1 00000000000 


00000001 00000000000 


XXXXXX1 0000000 0 0000 


0000001000000000000 


XXXXX 1 ooooooooooooo 


000001 ooooooooooooo 


XXXX 1 oooooooooooooo 


0000 1 oooooooooooooo 


XXX 1 000000000000000 


0001 ooooooooooooooo 


XX 1 0000000000000000 


0010000000000000000 


X 1 00000000000000000 


0100000000000000000 


1 oooooooooooooooooo 


1 oooooooooooooooooo 


0000000000000000000 


oocwooooooooooooooo 



ziwissftRi;^ assess*- — - ■*■ — - 



24.3.8.4 Encode_b_4bit 



o^ot^;*™* StagC ° f ^ S,agC ""~» «" -odes the data to determine the address 
asserted the bit to^^^^^^LT* k° ^ fa *** V there is a bit 
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SI 



TonSS COmmand " bCing Pr0CeSSed ™ e f0lmUla ^ is S-Pta— to return 6/ p to the 



command 



for V(n)blp = x ♦ n modulusl6 
2^.** ^ nUmber th0t • Xt " Ct - fr ° n the —tor a„ d . ia che vertical 



24.3.8.5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) state machine 

The following is an explanation of all the states that the NEU state machine utilizes, 
i NEUJSTART 

state. "AIT_B UFF state. When this occurs the NEU enters the NEU_FILL_BUFF 

u NEU_FILL_B UFF 

iff NEUJiOLD 
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TheNEU waits in this state for one clock cycle while data requested from the SFU on the last access 

iv NEU_RUNNTNG 

Tf^T^ TT** f""^ 8 ° f from ^ SFU for * e of the line by pulsine 

JidtSSJri ° ^ 3 DCW framC from the SFU. When the *EC/ has reived S 

word .t needs for the current hne, as denoted by the LineLength, the NEU enters the NEV^Mp1y*LT 

v NEU_EMPTY 

NEU waits in this state while the rest of the LBD finishes outputting the completed line to the SFU The 
NEU leaves tins state when Go gets deasserted. This occurs when the engine signTl is deS'fr^ 
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24.3.9 



Line Fill Unit sub-block description 

when it has put together a complete 16-bX? SiS? provided by the Command Controller and 
that the data is valid by strobu^ the iLjjt^^Z" ^ ^ * SFU 

sTu^th^tt 



A dataflow block diagram of the line fill unit is shown in Figure 1 19. 



Next 
Edge 
Unit 



Stream 
Decoder 



command controller 



IS. 



hofd_sd_color < 



vmfnus_zero 



command 



delta 



LLLi 



State 
Machine 



line flu unit 



4 Umii 



Instate 



color,seLl6btLM 



'16 



16^ 



line_fiU_data 



work_sfu_wdata 



a, lbd_sfu_wdata 



tbd_sfu_wdatava lid 



SFU 



Figure 121. Line fill unit block diagram 

The dataflow above has the following blocks: 

24.3,9.1 State Machine 

The following is an explanation of all the states that the LFU state machine utilizes. 
i LFUJSTART 



" LFUJfEWJiEG 
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LFUJ*EW_REGk only entered at the beginning ^ a new frame. It can remain in this state on subseouent 
cycles ,f a whole frame is completed in one clock cycle. If the frame is completed the LFU w5l EuEEE 

m itt sfu write enabie signai - H ° w ^ er if a »— * « t t^cToci cSS: 

LFU_NE W_REG handles all the Ibdjju^data writes and asserts lbd_aju_wdat ava lid as necessary, 
iff LFU_COMPLETE_REG 

LFU COMPLETE JtEG fills out all the remaining parts of the frame that were not completed in the first 
clock cycle. The command controller supplies the aO value and the color and the stat? nSS 
to denve the lUnU and ^^e/^.Z/which the totej^a n'ds to «Sr£ 
.s the four lower s.gmficant bus of aO and color_seU6bitJ/is a 16-bit wide mask ofTco/oTrte sSe 
3 ° n " PPer eleVCn bitS ° f a0 - lf these --ment fro™ £££k^££ 
£ T \!f 1 ! ?"* iS C ° mpIeted 311(1 *" data can written to the SFU In the case of the 

faTi^e^^^ 



LINK I.FNf7IH 




id — Lace i PNfrm 



framr nrrrwplrtcH 



Figure 122. State diagram for the Line Fill Unit (LFU) state machine 

24.3.9.2 line_fitl_data 

Iine_fil L data takes the limit value and the color _?el_16bitjf values and constructs the current frame that 

Sgic frXtdTi" te fiH n S! Cdge dCCOding - ^ foU0Wi ^ Pseud0 coTl^tVth 

5 /° ? b/ thC luie - filI - data - -or^Wara is exported by the LBD to the SFU as 



if <lfu_state == LFU_START) OR (Ifu.stete == LFU^NEW.REG) then 

work_s£u_wdato - color_sel_16bit_lf 
else 

work_6fu_wdacat(15 - limit) downto limit] = 

color_sel_16bit_lfr(15 - limit) downto limit] 
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25 Spot FIFO Unit (SFU) 



25.1 Overview 



25.2 Main features of the SFU 

TteSFU ,ep,^ s fte Spo. U™ Buffer , OKr6ce (SLB1) fa PEC1 ^ sp0 , ^ ^ fc ^ ^ 

widO, of 16 bto. The SFU in.offac ,o L ,S -Osiris; ^bT * 
SFU -d. of DRAM a. * o.d of , „oo. ££. 

A signal sju_hcu_avail indicates that the SFU has data to sunnlv to the Hru 
hcu^advdot, from the HCU, tells the SFU to supply thTnext Sot fhe HCTJ S ^ " ^J 1 ' 
hcu_sJh_ad V dot signal until ^J ro a v«,7 is true The H CU ? ^, d not 8 enerate the 

sju_hcu_avail signal. ~ HCU therefore st *« waiting for the 

X and Y non-integer scaling of the bi-level dot data is performed in the SFU 

256 cycles. A single DIU read interface Sll be shlS^ T f 256 Cydes ' 1 access ev ^ 
DRAM. internee will be shared for reading the current and previous lines from 
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25.3 Bl-LEVEL DRAM MEMORY BUFFER BETWEEN LBD, SFU AND HCU 




high address 



lbd_nextline_adr 

> lbd_j)revline_adr 
hcu_readiine_adr 
* hcu_startreadline_adr 



low address 





high address 

ibd__nextline_adr 

hcu_readfine_adr 
+ lbd_prevline_adr 
■► hcu_startreadline_adr 

I low address 



(b) 



Key: 



(a) 

1 ~| Free buffer space 
[|^| Riled buffer space accessed by LSD Interface FIFOs 
K>sj FiI,e d Buffer space read by HCU Read Line FIFO 

O Filled Buffer space read by both HCU Read Line FIFO and LBD Interface FIFOs 

Figure 123. Bi-level ORAM buffer 

SLS.ISi'Sfil 3SS j£S£ Fi8u " w sh ™ * LBD «- — —J 

The SFU interfaces to DRAM via three FIFOs: 

a. The HCUReadLineFlFO which supplies dot data to the HCU. 

b. The LBDNextLineFIFO which writes decompressed bi-level data from the LBD. 

c. The LBDPrevLineFIFO which reads previous decompressed bi-level data for the LBD. 
There are four address pointers used to manage the bi-level DRAM buffer: 

*.hcu_readline_adr[21:5] is the read address in DRAM for the HCUReadLineFlFO 
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*.lbd_nextline_adr[21:5] is the write address in DRAM for the LBDNextLineFIFO 
<Ubd_prevline_adr[21:5] is the read address in DRAM for the LBDPrevLineFIFO. 
The address pointers must obey certain rules which indicate whether they are valid- 
».kcu_readline_adr[21:S] is only valid if it is reading earlier in the line than 
ttSSSSit " WritiDg = ,= 

cThe LBDNextLineFIFO must be writing earlier in the line than LBDPrevLineFIFO is readin* 
and must not overwrite the current line that the HCU is reading fromi.e. TfdZal d™ * 

^iSr^f / ^, Can ^ ri8ht UP t0 * e LBDNextLineFIFO is writing i e 

plCadrvahd = lbd_prevhne_adrf2I:5J != lbd_nextline_adr[21:5]. 8 

o. At startup i.e. when sfu_go is asserted, the pointers are reset to start sju adr[21 51 The first 
LBDNextLineFIFO^ .s allowed to be written to lbd_nextline adrpl. S] even moSh 
nlf_adrvahd is initially invalid. 1 lnou gn 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 

As a guideline, the typical FIFO size should be a minimum of 2 lines stored in DRAM „„ m ,„,u * •• 

25.4 DRAM ACCESS REQUIREMENTS 

The SFU has 1 read interface to the DIU and 1 write interface Th* r»,^ * i_ « . 

previous and current line read FIFOs. interface. The read interface .s shared between the 

The spot line store requires 5. 1 Kbytes of DRAM to store 1 A4 linoc cm •» , > . 
The SFU's DIU bandwidth requirements are summarized in Table 1 12. 



Table 112. DRAM bandwidth requirements 




I : Two separate reads of 1 bit/cycle 
2: Write at 1 bit/cycle. 



25.5 SCALING 



Doc: SoPEC_hardware_de$ign 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 328 



m 



SoPEC : Hardware Design 



Unt^Slg)^ PSeUd0C ° de bC,OW - ^ advance P ulse is generated to move to the next dot (x-scaling) or 



if {count + denominator >= numerator) then 
count = (count ♦ denominator) - numerator 
advance = 1 

else 

count = count ♦ denominator 
advance = 0 



X scaling controls whether the SFU supplies the next dot or a copy of the current dot when the HCU 
asserts hcu_sJu_aavdot. The SFU counts the number of hcu_sJu_advdot signals from the HCU. When the 
SFU has supplied an entire HCU line of data, the SFU will either re-read the current line from DRAM or 
advance to the next line of HCU read data depending on the programmed Y scale factor. 
An example of scaling for numerator = 7 and denominator = 3 is given in Table 1 1 3. The signal advance if 
asserted causes the next input dot to be output on the next cycle, otherwise the same input dot is output 

Table 113. Non-Integer scaling example for scaleNum = 7, scaleDenom = 3 







M 


0 


0 


1 [ 


3 


0 


1 


6 


1 


1 


2 


0 


2 


5 


1 


2 


1 


0 


3 


4 


1 


3 


0 


0 


4 


3 


0 


4 


6 


1 


4 


2 


0 


5 



25.6 Lead-in and lead-out clipping 

To account for the case where there maybe two SoPEC devices, each generating its own portion of a dot- 

£!pp£ e -£ J T me ^ y " 0t bC re P' icated the total scale-factor number of times by an individual 
SoPEC. The dot will ultimately be scaled-up correctly with both devices doing part of the scaling, one on 
its lead-out and the other on its lead in. Scaled up dots on the lead-out, i.e. which go beyond the HCU line- 
length. w,H be ignored. Scaling on the lead-in, i.e. of the first valid dot in the line, is controlled by setting 
the XstartCount register. 

At the start of each line count in the pseudo-code above is set to Xstart Count. If there is no lead-in Xstart- 
Count is set to 0 i.e. the first value of count in Table 113. If there is lead-in then XstartCount needs to be 
set to the appropriate value of count in the sequence above. 
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25.7 Interfaces between LDB, SFU and HCU 



Si 



DtU 



LSD 



Ibd_sfu_plac ✓word 



sru_Ibd_pld ita Iff 



(bd_sfu_adv ne 



sfu_lbd_rd} 



tbd_sfu_wd< ta 



lbd_sfu_wd; 



lbcl_sfu_adv ine 



DfU Interface 
and 
Address 
Generator 



7 *" 



Previous Line 
FIFO 



-a 



ptLrdy 



16 



la valid 



nJf_rdy 



Next Une 
FIFO 



Current Une 
FIFO 



1 sfu. 



hCM .sfu.advdot 



hcu_sdata 



sfu. hcu__avail 



SFU 



HCU 



Figure 124, Interfaces between LBD/SFU/HCU 

25,7.1 LDB-SFU Interfaces 

2: from t h hr S m interfaCeS t0 SFU - ^ LB ° thC ™< *» to *• SFU and reads the previous 

25.7.1.1 LBDNextLineFIFO Interface 

• lbd_sju_wdatavalid. write data valid. 

• lbd_sju_advline, signal indicating LDB has advanced to the next line. 



^Trdyf^ WritC t0 *" SFU SfitJbd ~ rd y is ««■ ^ LBD can therefore 



stall waiting for the 



25. 7. 1 . 2 LBDPrevLineFIFO Interface 

Tht - L %%%Z°^Z? om the SFU to *• LBD comprises the 

The previous line^buffer interface from the LBD to the SDU comprises the following signals- 
Ibd sju^lodvword, s.gnal md.cati ng to the SFU to supply the next 16-bit wo^ ^ 
• lbd_fju_advline. signal indicating LDB has advanced to the next line. 
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Previous line data is not supplied until after the first Ibd^sfujxdvline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert lbd_sfu_pladvword unless sfiijbd_rdy is asserted. 

25.7.1.3 Common Control Signals 

sjujdbjrdy indicates to the LBD that the SFU is available for writing. After the first lbd_sjujidvline and 
before the number of Ibdjsfu^pladvword strobes received is equivalent to the LBD line length, 
sjujdbjrdy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbd_sju_pladvword or lbd_sfiijadvline strobes until sjujdbjrdy is asserted. 

25.7.2 SFU-HCU Current Line FIFO Interface 

The interface from the SFU to the HCU comprises the following signals: 

• sfujicu_sdata t 1 -bit data. 

• sfi*jicu_avail, data valid signal indicating that there is data available in the SFU HCUReadLine- 
FIFO. 

The interface from HCU to SFU comprises the following sig nal s: 

• hcu_sJu_advdot t indicating to the SFU to supply the next dot. 

The HCU should not generate the hcu_sfu_advdot signal until sjujicu_avail is true. The HCU can there- 
fore stall waiting for the sfitjcu_avail signal. 
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25.8 Implementation 



25.8.1 Definitions of IO 



Table 114. SFU Port List 




Crocks and Resets 



pdk 



prst_n 



Dili Read Interface signals 



1 



In 



SoPEC Functional clock. 



Global reset signal. 



sfu_diu_rreq 



sfu_diu_radrf21:5] 



diu_sfu_rack 



diu_data[63:0J 



diu_sfu_rvaf/d 



D>U Write Interface signals 



17 



64 



Out 



Out 



SFU requests DRAM read. A read request must be accom- 
panied by a valid read address. 



In 



In 



In 



Read address to OIU 
17 bits wide (256-bit aligned word). 



Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 
sfu_diu_radr. 



Data from DIU to SoPEC Units. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word 



Signer from DIU telling SoPEC Unit that valid read data is on" 
the dtujdata bus. 



sfu_diu_wreq 



Out 



sfu_dru_wadr[21:5] 



diu_sfu_wack 



sfu_diu_data{63:0] 



sfu_diu_wvaJid 



17 



Out 



In 



64 



PCU Interface data and control signals 



SFU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 



Write address to DIU 

17 bits wide (256-bit aligned word). 



Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
$fu_diu_wadr. 



Out Data from SFU to DIU. 

First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191 :128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 



Out 



Signal from PEP Unit indicating that data on sfu diu data is 
valid. ~ 



pcu_addrf5:2] 



pcu_dataout(31:0l 



sfu_pcu_datain[31 :0J 



pcu_rwn 
pcu_sfu_sel 



32 



In 



In 



Out 
In 



In 



PCU address bus. Only 4 bits are required to decode the 
address space tor this block 



Shared write data bus from the PCU 



Read data bus from the SFU to the PCU 



Common read/not-write signal from the PCU 



Block select from the PCU. When pcu_sfu_set is high both 
pcu_addrand pcv_dataout are valid 
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Table 114. SFU Port List 



sfu_pcu_rdy 



Out 



Ready signal to the PCU. When sfu_pcu„nty is high it tndi 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on sfu^cu datain is 

vallH 



LBD Interface Data and Control S 


Signals 






sfujbd„rdy 


1 


Out 


Signal indication that SFU has previous line data available 
and is ready to be written to. 


lbd_sfu_advline 


1 


In 


Une advance signal for both next and previous lines. 


fbd_sfu_pladvword 


1 


In 


Advance word signal for previous line buffer. ^ 


sfujdb__pldata[15:0] 


16 


Out 


Data from the previous line buffer. 


lbd_sfu„wdata[1 5:0] » 


16 


In 


Write data for next line buffer. 


lbd_sfu_wdatavalid 


1 


In 


Wnte data valid signal for next line buffer data 


HCU interface Data ar 


id Control S 


Ignals — 


hcu_sfu_advdot 


1 


In 


Signal indicating to the SFU that the HCU is ready to accept 
the next dot of data from SFU. 


sfu_hcu_sdata 


1 


Out 


BHevel dot data. 


sfu_hcu_avail 


1 


Out 


Signal indicating vafid bWevei dot data on sfu hcu sdata. 
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25.8.2 Configuration Registers 

Table 11 5. SFU Configuration Registers 



Control registers 




A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Setup registers (constant for during processing the page) 



Writing 1 to this register starts the SFU. 
Writing 0 to this register hafts the SFU. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their vaJues. 

When Go is asserted all counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The SFU must be started before the LBD 
is started. 

This register can be read to determine if 

the SFU is running 

(1 - running, 0 - stopped). 



Work register* (PCU has read-only access) 



| 0x08 
OxOC 


HCUNumDots 
HCUDRAMWords 


16 
8 


0x0000 
0x00 


Width of HCU line (in dots). 

Number of 256-bit DRAM words in a HCU 
line. 


0x10 


LBDNumWords 


12 


0x000 


Number of 16-bit words in an LBD line. 
(LBD line length must be a multiple of 16 
bits). 


0x14 


StartSfuAdr[2l:5l 

(256-bit aligned DRAM address) 


17 


0x0000 
0 


First SFU location in memory. 


0x18 


EndSfuAdrf21:5J 

(256-bit aligned DRAM address) 


17 


0x0000 
0 


Last SFU location in memory. 


J 0x1C 


XstarlCount 


8 


0x00 


Value to be loaded at the start of every line 
into the counter used for scaling in the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value will typically equal zero, except 
in the case where a number of dots are 
clipped on the lead in to a line. 


0x20 


XscaJeNum 


8 


0x01 


Numerator of spot data scale factor in X 
direction. 


0x24 


XscaJeDenom ~ 


8 


0x01 


Denominator of spot data scale factor in X 
direction. 


0x28 


YscaleNum 


8 


0x01 


Numerator of spot data scale factor in Y 
direction. | 


0x2C 


YscafeDenom ~~ "~~ 


8 


0x01 


Denominator of spot data scale factor in Y 
direction. 
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Table 115. SFU Configuration Registers 



lisp 




§ftfe 






nuuHeadUneAdrt21 ;5] 
(256-bit aligned ORAM address) 


17 




Current address pointer In ORAM to HCU 
read data. Read only register. 


0x34 


HCUStartReadUneAdr(21 :5] 
(256-bit aligned ORAM address) 


17 




Start address in DRAM of line being read 
by HCU buffer in DRAM. Read only regis- 
tcr. 


0x38 


LBDNextLineAdn;21 :SJ 
(256-bit aligned ORAM address) 


17 




Current address pointer in DRAM to LBD 
write data. Read only register 


0x3C 


LB DPrevUneAdrf2 1 :5] 
(256-bit aligned ORAM address) 


17 




Current address pointer in DRAM to LBD ~~ 
read data. Read onfy register 
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J3 



25.8.3 SFU sub-block partition 



pcu_addr{5^h-f— ► 

pcu_dataout(3l:0; 
sfu_pcu_data{31 
sfu_pcu 



^sfujtjjldatajg 



LBD 



lbd_s u 



sfu_ fod_rdy 
<4— 



lbd_si j 



Ibd s 



PCU 
Interface 



sfu^go (to aB sut>»bk>d<s) 
ncu_num_dots * 



y hcu_dram_wofd3 



end_sfu_adr 



hcu^rea dBne^adr 17 
hcu_startreadnne_adr "f> 



lbd_nextfine_adr 



Jbd_prevfine_a dr 



7^ 

17. 



xstart_count 
xscate_mjm 



xscal8_denom g~ 



yscale_num 
ysca!e_denom 



ibd_s*i j>ladvword 



.advline 



LBD Previous 
Line FIFO 



ptf_diurdata 54 



lbd_rujm words 

4 

ptQdy 



ptf_diurrQq 
pILdiurack 



pjf_dhj/vaild 



pff_diuidJe 



a 



nlf_rdy 
.wdata 1 6 



t_wdatavalid 



HCU 



lbd_sfu_advlin« 



rbd_num__words 



LBD Next 
Line FfFO 



nJf_diuwroq 



nff_diuwack 



nlf_diuwdata 64 



ntf_diuwvalid 



hcu. sfu_advdot 



^ sfu 


► 

.hcu_sdata 1 


si 

« 


j_hcu_avaU 




SFU 



HCU Read 
Line FIFO 



hrf_hcu_endoffir»© 



hrf_xadvance 



hrf_diurreq 



hrf_diurack 



hrf_dturdata 54 



hrf_d5urvalrd 



hrf_diuWIe 



DIU 
Interface 
Address 
Generator 

Unit 
(DAG) 




sfu_diu_wreq 
s*u_dfu_wadr(21:5J 
* sfu_diu_data[63:0] 
sfu_diu_wvand 
<fiu_sfu_wack 



sfu_diu_rreq 

sfu_dJu_radrf21:5] 

diu_sfu_dataJ63:0J 

diu_sfu_rvalfd 

diu_sfu_rack 



Figure 125. SFU Sub-Block Partition 
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The SFU contains a number of sub-blocks: 







PCU Interface 


PCU interface, configuration and status registers. Also generates the Go 
and the Reset signals for the rest of the SFU 


LBD Previous Line 
FIFO 


Contains FIFO which is read by the LBD previous line Interface. 


LBD Next Line FIFO 


Contains FIFO which is written by the LBD next One interface. 


HCU Read Line 
FIFO 


Contains FIFO which is read by the HCU interface. 


01 U Interface and 
Address Generator 


Contains DIU read interface and DIU write interface. Manages the I 
address pointers for the bMevel DRAM buffer. Contains X and Y scalino 
logic. * 



The various FIFO sub-blocks have no knowledge of where in DRAM their read or write data is stored In 
this sense the FIFO sub-blocks are completely de-coupled from the bi-level DRAM buffer All DRAM 
address management is centralised in the DIU Interface and Address Generation sub-block. DRAM access 
is pre-emptive i.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to write a DIU access will be requested immediately. This ensures there are no unnecessary stalls intro- 
duced e.g. at the end of an LBD or HCU line. 

There now follows a description of the SFU sub-blocks. 

25.8.4 PCU Interface Sub-block 

The PCU interface sub-block provides for the CPU to access SFU specific registers by reading or writing 
to the SFU address space. * * 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 337 



SoPEC : Hardware Design 



25.8.5 LBDPrevLineFJFO sub-block 



Table 116: LBDPrevLlneFIFO Additional IO Definitions 



Internal Outout 




fern 


m 






plf_rdy 

DIU and Address Generation sub 


1 

-block Slg 


Out 
rials 


Signal indicating LBDPrevLinaFlFO lq maHu tr* k» 
from. Until the first Ibd_sfu_advfine for a band has been 
received and after the number of tocLs/u _ptadvword strobes 
received for a line is equal to LBDNumWords, plf rdyls 
aJways asserted. During the second and subsequent lines 
plLrtty ts deasserted whenever the LBDPrevUneFIFO'ts 
empty. 


plf_diurreq 


1 


Out 


Signal indicating the LBDPrevUneFiFO has 256-bits of data 
free. 


pf/_diurack 


1 


In 


Acknowledge that read request has been accepted and 
plf diurreq should be de-asserted 


pILdiurdata 

plf_djurrvafid ~| 


1 
1 


In 
In 


Data from the DIU to LBDPrevLineFlFO. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits t91 :128 of 256 bit word. 
Fourth 64-bits is are 255:192 of 256 bit word. 


plf_diuid!e 


1 


Out 


Signal Indicating data on pILdiurdata is valid. 

Signal indicating DIU state-machine is in the IDLE state 



25.8.5. 1 General Description 

^^Tn"A LineF J F ° Sub " blo u C ^ prises a double 256-bit buffer between the LBD and the DIU Inter- 
face and Address Generator sub-blocic The FIFO is implemented as 8 times 64-bit words The FIFO is 
wntten by the DIU Interface and Address Generator sub-block and read by the LBD 
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LBD 



Bfu_bd_ptdala 



16 

-A- 



/ 

V 



word.select* 



64 



te 



lbd_sfu_platfvword 



fbd_sfu_advfina 



lbd_oum_words 1 2 



P»>rdy 



8 word 
64-bit FIFO 



read 



wnte 



read^adr writers n 



ZERO 



' wrtte_adr 



64 



-pILdiurdata 



FIFO control 
logic 



pILdiurreq 



p«_diurack 



^ ptf_diurvalid 



Figure 126. LBDPrevLineFifo Sub-block 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DIU Interface 
and Address Generation sub-block by asserting plf_diurreq. A signal plf_diurack indicates that the request 
has been accepted and plfjtiurreq should be de-assertecL q 

The data is i written to the FIFO as 64-bits on plf_diurdata[63:0] over 4 clock cycles. The signal 
^?"crcA m * Cates * at the ^ retumed onplf_diurdata[63:0] is valid P lf_diurvalid is used to gener- 
ate the FIFO wnte enable wr/re^, and to increment the FIFO write address, write_adr[2:0]. If the LBD- 
PrevLineFIFO still has 256-bits free then plf^diurreq should be asserted again. 

The DIU Interface and Address Generation sub-block handles all address pointer management and DIU 
interfacing and decides whether to acknowledge a request for data from the FIFO. 



pclk 
plf_diurreq 
pif_diurack 
plfjiiurvalid 
plf_diurdata[63:0] 



J — L 



] 



Figure 127. Timing of signals on the LBDPrevLineFIFO interface to DIU and Address Generator 

The state diagram of the LBDPrevLineFIFO DIU Interface is shown in Figure 128. If s/u_go is deasserted 
then the state-machine returns to its idle state. " aeasserted 
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Si 



reset==o 



sfu OQ=fl 



(die ^) 



diuldfe = 1 



2Sfcfaitaiceg In FIFO 



Request^ diurreq = 1 . diufdle =0 



c 



Ack 



diurack=1 

diurreq = 0 



^ diur valiri^-| 

OataO ^ 



diurvalld==l 



^ Datal 



diurvaliri==l 



Q Data2 



diurvatid==1 



— Data3 ^ 



Figure 128. Timing of signals on LBDPrevUneFIFO interface to DIU and Address Generator 

2? re ads 16 -bit ^ ^ from ^ LBZV>wZ6|eWO Qn - _n lda tari501 

Ibdsfu^adword from the LBD tells the LBDPrevUneFIFO to supply the next l£t woW T^e FIFO 
nut* r> « 81< /^J ne Ij teS c'^f 3 ' word - select w Wch selects the next 16-bits of the (M-bit FIFO w<^ to^oirt^ 
S3 « S *r^ l *" ta l 15: °l- Wh <* the entire current 64-bit FIFO word has been read by L LB d 
lbd_ S fi l _pladvword will cause the next word to be popped from the FIFO. 

averted 'izer^ni 1101 ^ r 7" aftCT ** *Ufiu*tt» strobe from the LBD after s/uro is 
Z^^^LT^^ ^ *• *« *«U-*. strobe afte/^ 

IhJ !f DJ Z e r Li 7 FI/ ? 5 e , nerateS a *V**P(Wy to indicate that it has data available Until the first 
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S3 



Z^jSt? 1 P° »>*J>*P*1. will require 3 bill lo addres, 8 loc- 



if (pladvword_count 
read_adr [ 1 : 0 ] e bOO 
readLadr[2J = -read_adr[2] 



== lbd_num_words) then 



25.8.6 LBDNextLtneFIFO sub-bJock 

Table 117. LBDNextUneFIFO Additional IO Definition 



iwmmmmm 




mmHrnmammmm 


LtJuwextLmeFlFO interface Sign 


als 






ftlLrcfy 


1 


Out 


Signal indicating LBDNextUneFIFO is ready to be written to 
i.e. there is space in the FIFO. 


D1U and Address Generation sub 


-block Signals 


njf_diuwreq 


1 


Out 


Signal indicating the LBDNextUneFIFO has 256-bits of data 
for writing to the DIU. 


nlf_diuwack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nlf diuwdata 
together with ntf_diuwvalid. j 


nlf_diuwdata 


1 


Out 


Data from LBDNextLtneFIFO to DiU Interface. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


nJf_dtuwvaltd | 


1 


In j 


Signal indicating that data on wtf_diuwdata is valid. 1 



25. 8. 6. 1 General Description 

W L f^ N ^ LineF J FO sub - bl « :l f emprises a double 256-bit buffer between the LBD and the DIU Inter- 
nee and Address Generator sub-block. The FIFO is implemented as 8 rimes 64-bit words. The FIFO is 
wntten by the LBD and read by the DIU Interface and Address Generator 
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J3 



sfu_wdata_reg 



txJ_shj__wdata 



16 





64 


> 


.en 



word_sefoct / 



tbd_sfu_wvaGd 



fod_sfu_advJine 



lbd_num_ words 12 



nlf_rdy 



64 



8 word 
64-bit FIFO 



write 
XT 



write_adr 



read 



^3 



wrlto_en 



/ 3 read_adr 



64 



■> rdf.diuwdata 



FIFO control 
logic 



n!f_diuwreq 



nff_diuwack 



ntf_dluwvafid 



Figure 129. LBDNextUneFifo Sub-block 

Whenever 4 locations in the FIFO are nil! the FIFO will remie<* ?s*-Ki*c „f ♦ u 

Interface and Address Generator by asserting nlfdJZ^ V°a ^ t0 ° IU 




nlf_wdiudata[63:0] |~ 
nlf_diuwvalid 



i ■ 1 1 1 ^ 1 4~r 



] 



Fl.ur. 130. Tlmiag „,„ 0 „, s „„ LBDNextUneFIFO IMerfac. ,„ OIU ana Add,. ss G«w«o, 
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J3 



resell 



Sfu 00=0 



— »^ Idle ^ 



256-btt3 m FIFO 



^ Request ^ diuwreq = 1 

^ diu rack^t 
^ Ack ^ diuwreq - 0 



^ Datao ^) 



DataO ) diuwva!id=1 



Q Datal ^ 



Data2 ^ 



Data3 



diuwvalid=1 



diuwvaJid=1 



diuwvalid=1 



Figure 131. LBDNextLineFIFO DIU Interface State Diagram 

The signal nlf_rdy indicates that the LBDNextLineFIFO has space for writing by the LBD The LBD 
writes 16-bit wide data supplied on lbd^fu_^data[15:0] '. lbd_s/u_wvalid indicates that the data is valid 
The data is collected to make up a 64-bit word before being written to the FIFO. 

The LBDNextLineFIFO control logic counts the number of lbd_sfit_walid signals. The Ibds/u wvalid 
counter ,s reset to 0 by lbd_sjh_advline and indicates when the number of lbd_s/u_wvalid strobes received 
is equal to LBDNum Words. Any data remaining in the FIFO is first flushed to DRAM with padding being 
added to fill a complete 256-bit word. P-uuing oemg 



25.8.7 sfu_lbd_rdy Generation 



L^DN^L&IFO "* 15 8Cnerated by ANDing pV ~ rdy from ,he ^DPrevLineFIFO and n//_n<y from the 

HtS-ft in ^ e Vr h t L ! D * e SFU is aVailab,e for i e - there is available in the 

LBDNextLineFIFO. After the first lbd_s/u_advline and before the number of Ibd^fu^pladvword strobes 
received is equivalent to the line length, sjujdb_rdy indicates that the SFU is available for both reading 
i.e there is data in the LBDPrevLineFIFO, and writing. Thereafter it indicates the SFU is available for 
writing. 
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25.8.8 LBD-SFU Interfaces Timins Waveform OescripUon 

O d. read See, a. ■uTEESRS %££3£S! " ** 

The main points to note from Figure 132 are- 

spaces in the SFU FIFO). y le 3 (one of ^ ^ remaining 

£ SFU reus L £t2«tUS£5S£ 2?££ STIe" ft "TV 5" 

ior'LTS.""™' °- °" Si<fc » "^Shred. Or, e^Urrrfen ms ^ 

Scenario 1: 

Scenario 2: 

sju Jbd_rdy will go low when there is still 1 piece of data in the FIFO rf *w , tJ ^ , 
pulse in the next cycle and it is not the end of thV „. * .k f^T Cre 15 n0 lbd sfii_plad^ord 
from DRAM and the read FIFO wS fiS 12 /7^ ° ^ the *** f ° r the QCXt ,ine 
sjujbd_pldata[15:0j. ' sfuJdb ~ rd y W1 " ««" again, and so the data will appear on 

Scenario 3: 

t^^^j^T^zs^ii^ i ?r of r * f,fo - if — * - 

fan DRAM. rr,j JTZ^r~ " . "*™ a 01 "» P«8 e «■» roe SFU will do no more reads 
ev er last line oSta onSg^ n0t b * read 0Ut from the FIFO ' How- 

So scenario 3 wili neX app^ * "* m the LBD «» «* be read by the LBD. 
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Read from SFU to LBD 
pcik 
sfujbd_rdy 
lbd_sfu_pladvword 
lbd_pldata_reg 
virtual pladr 
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Figure 132. Signal waveforms between LBD and SFU 
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25.8.9 HCUReadLlneFIFO sub-block 



Table 118. HCUR eadUneFIFO Additional IO Definition 

& 



D<U and Address Generation sub-Mock Signals 



hrf_xadvance 



hrf_hcuendofline 



hrf_diurreq 



hrf_diurack 



hrf_diurdata 



hrf_diurvaiid 



hrf_diuidle 



fn 



Out 



Out 



In 



Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 



Signal lasting 1 cycle indicating then end of the HCU read 
line. 



Signal indicating the HCUReadUneFIFO has space tor 256- 
bits of DIU data. 



in 



In 



Out 



Acknowledge that read request has been accepted and 
nrf_diuneq should be de-asserted. 



Data from HCUReadUneFIFO to DIU. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 1 91 :1 28 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word 



Signal indicating data on pILdiurdata is valid. 



Signal indicating DIU state-machine is in the IDLE state. 



25. 8.9. 1 General Description 



LBD 
sfu_hcu_sdata <4- 



t*t_seroct / 



^sfu_hcu^avail 


hcu_sfu_advdot 




— r 


hcu_num_dots is 




hrf_xadvance 


-> 


^hrf^hcu^endoflino 


-> 





64 



8 word 
64-bit FIFO 



read 
~z — 



read_adr 



wnte 



64 

— hrf_dtu rdata 



,'3 



/'3 



writa_adr 



FIFO control 
logic 



hrf_diurreq 
► 

hrf_diurack 



^ hrf _drurvati d 



Figure 133. HCUReadUneFifo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCUReadLineFIFO is iden- 
tical to the LBDPrevUneFIFO DIU interface. 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrf_diurreq. A signal hrfjiiurack indicates that the request has been accepted and hrf_diurreq 
should be de-asserted 

The data is written to the FIFO as 64-bits on hrf_diurdata[63:0] over 4 clock cycles. The signal 
hrfjdiurvalid indicates that the data returned on hrf_diurdata[63:0] is valid, hrfjdiurvalid is used to gen- 
erate the FIFO write enable, \vrite_en, and to increment the FIFO write address, write_adr[2:0]. If the 
HCUReadLineFIFO still has 256-bits free then hrf_diurreq should be asserted again. 

The HCUReadLineFIFO generates a signal sfujicu_avail to indicate that it has data available for the 
HCU. The HCU reads single-bit data supplied on sfujicu_sdata. The FIFO control logic generates a sig- 
nal bit select which selects the next bit of the 64-bit FIFO word to output on sfujicu_sdata. The signal 
hcu_sJu_advdot tells the HCUReadLineFIFO to supply the next dot (hrf_jcadvance = 1) or the current dot 
(hrf_pcadvance =■ 0) on sfu_hcu_sdata according to the hrf_jcadvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcu_sJujadvdot signal until sjujhcu_avail is true. 
The HCU can therefore stall waiting for the sju_hcu_avail signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu_sfu_advdot will cause the next 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFIFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFIFO, 
hcuadvdot_count[I5:0] t counts the number of hcujsfu_advdot strobes received from the HCU. When the 
count equals hcu_num_dots[I5:0] the HCUReadLineFIFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in the FIFO. This can be achieved by considering the FIFO read address, 
read f _adr [2:0], will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read_adr and setting all other bits to 0. 

If (hcuadvdot_count hcu_num_dots > Chen 
read_adr[l:0] = bOO 
read_adr[21 = -read_adr[2] 

The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdot_count equals hcu__num_dots. This condition is exported from the HCUReadLineFIFO as the 
signal hrfjicuendofline. When the hrf^hcuendofline is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the current line or go onto the next line. 

25.8.9.2 DRAM Access Limitation 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This. could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 



Doc: SoPECJwdware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 347 



SoPEC : Hardware Design 



25.8.10 D1U Interface and Address Generator Sub-block 

Table 1 19. DIU In terface and Address Generator Additional IO Description 

tjnai us***-**™** 




Interna] LBDPrevLlneFIFO Inputs 



plf_diurreq 




In 


Signal indicating the LBDPrevUneFIFOhas 256-bfts of data 
free. 


plf_diurack 




Out 


Acknowledge that read request has been accepted and 
plf^dturreq should be de-asserted. 


plf_dturdata 




Out 


Data from the DIU to LBDPrevUneFtFO. 
First 64 -bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 1 91 : 128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


plf_diurrvalid 

_____ 




Out 


Signal indicating data on plf diurdata is valid. | 






In 


Signal indicating DIU state-machine is in the IDLE state 


internal LBDNextLineFIFO Inputs " — 


nlf_diuwreq 




fn 


Signal indicating the LBDNextLineFIFO has 256-bits of data 
for writing to the DIU. 


n!f_diuwack 




Out 


Acknowledge from DIU that write request has been 
accepted and write data can be output on ntf diuwdata 
together with nlf__diuwvafid. 


ntf_diuwdata 




In 


Data from LBDNextUneFtFO to DIU Interface. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


nlf_diuwvalid 


- — i 


,„ 


Signal indicating that data on wit diuwdata is valid 


Internal HCUReadLfneFIFO Inputs ' ~ " 


hrf_hcuendofline 




In 


Signal lasting 1 cycle indicating then end of the HCU read 
line. 


hrf_xadvance 




Out 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_dlurreq 




In 


Signal indicating the HCUReadLineFIFO has space for 256- 
bits of DIU data. 


hrf_diurack 




Out 


Acknowledge that read request has been accepted and 
hrf^diutreq should be de-asserted. 


hrf_diurdata 




Out 


Data from HCUReadLineFIFO to DIU. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


hrf_diurvalid 




Out 


Signal indicating data on pif_diurdata is valid. 


hrf_diuidle 




In 


Signal indicating DIU state-machine is in the IDLE state. 
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SI 



25,8. 10. 1 General Description 



The DIU Interface and Address Generator (DAG) sub-block manages the bi-level buffer in DRAM It has a 
DIU Write Interface for the LBDNextLineFIFO and a DIU Read Interface shared between the HCURead- 
LineFIFO and LBDPrevLineFIFO. . M 

All DRAM address management is centralised in the DAG. DRAM access is pre-emptive i.e. after a FIFO 
urut has made an access then as soon as the FrFO has space to read or data to write a DIU access will be 
requested immediately. This ensures there are no unnecessary stalls introduced e.g. at the end of an LBD 
or HCU line. 

The control logic for horizontal and vertical non-integer scaling logic is completely contained in the DAG 
sub-block. The scaling control unit exports the hlfjxadvance signal to the HCUReadLineFIFO which indi- 
cates whether to replicate the current dot or supply the next dot for horizontal scaling. 



25.8.10.2 DIU Write interface 



The LBDNextLineFIFO generates all the DIU write interface signals directly except for 
sfu_diujwodr[2I:5] which is generated by the Address Generation logic 

The DIU request from the LBDNextLineFIFO will be negated if its respective address pointer in DRAM is 
invalid i.e. nlf_adrvalid = 0. The implementation must ensure that no erroneous requests occur on 
sfu__diu_yvreq. 



nlf_d1uwreq 
nff adrvaUd . 



& 



wrltB_req 



nlf_diuwack 



nlf_diuwdata 



64 



nfLdiuwvalJd 



DIU 
4 Write 



Interface^ _^ 



sfu_dhj_wreq 



diu_sfu_wack 



64 



/ ► sfu_dJu_data[63:0) 



-► sfu_d!u,wvalld 



25. 8. 10. 3 DiU Read interface 



Figure 134. DIU Write Interface 



Both HCUReadLineFIFO and LBDPrevLineFIFO share the read interface. If both sources request simul- 
taneously, then the arbitration logic implements a round-robin sharing of read accesses between the HCU- 
ReadLineFIFO and LBDPrevLineFIFO. 

The DIU read request arbitration logic generates a signal, select Jxrfplf which indicates whether the DIU 
access is from the HCUReadLineFIFO or LBDPrevLineFIFO ^HCUReadLineFIFO, 1 - LBDPrevLine- 
FIFO). Figure 135 shows select Jxrfplf mn\tip\zxmg the returned DIU acknowledge and read data to either 
the HCUReadLineFIFO or LBDPrevLineFIFO. 
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J3 



se!ect_hrfplf 




dhijdto 



diu_sfu_rack 



hrl_dfurdata 



ptf_dlurdata 



plf_d1urvalld + 
hrf_diurvalW ■+ 



-/— dlu_sfu_data[63:0] 



diu_shj_/va!?d 



Figure 135. DIU Read Interface multiplexing by $elect_hrfplf 

The DIU read request arbitration logic is shown in Figure 136. The arbitration logic will select a DIU read 
request on hrf_dmrre q or plf^diurreq and assert sfuJLiu^rreq which goes to the DIU. The accompanying 
™ d addrcss 15 g^^ated by the Address Generation Logic. The select signal select hrfplfvAW be set 
according to the arbitration winner (0=HCUReadLineFIFO y 1 = LBDPrevLineFlFO), sfujiiu rrea is 
cleared when the DIU acknowledges the request on diu_sju_rack Arbitration cannot take place again until 
the DIU state-machine of the arbitration winner is in the idle state, indicated by diujdle. This is necessary 
to ensure that the DIU read data is multiplexed back to the FIFO that requested it. 



hrf_dfcjwre<^ 
hrf^adrvaJld 



p(f_druwreq 



pif_adrvatld , 



& 



& 



diu_sfu_rack 
diu_idJe 



Read Request 
Arbitration Logic 



2 

history 
f> 



busy 
> 



selecl_hrfplf 
-►sfu_diu_rreq 



Figure 136. DIU read request arbitration logic 
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The DIU read requests from the HCUReadLineFIFO and LBDPrevLineFIFO will be negated if their 
respective addresses in DRAM are invalid, hrfjzdrvalid 0 or plf^adrvalid » 0. The implementation must 
ensure that no erroneous requests occur on sfujiiu_rreq. 

If the HCUReadLineFIFO and LBDPrevLineFIFO request simultaneously, then if the request is not fol- 
lowing immediately another DIU read port access, the arbitration logic will choose the HCUReadLine- 
FIFO by default If there are back to back requests to the DIU read port then the arbitration logic 
implements a round-robin sharing of read accesses between the HCUReadLineFIFO and LBDPrevLine- 
FIFO. 

A pseudo-code description of the DIU read arbitration is given below. 

// history is of type (none, hrf. plf), hrf is HCUReadLineFIFO, plf is LBDPrevLineFIFO 

// initialisation on reset 

select_hrfplf = 0 // default choose hrf . 

history a none // no DIU read access immediately preceding 

// state-machine is busy between asserting sfu_diu_rreq and diu__idle « 1 
// if DIU read requester state-machine is in idle state then de-assert busy 
if (diu_idle == 1) then 
busy « 0 

//if acknowledge received from DIU then de-assert DIU request 
if (diu_sfu_rack == 1) then 

//de-assert request in response to acknowledge 

sfu_diu_rreq = 0 

// if not busy then arbitrate between incoming requests 
// if request detected then assert busy 
if (busy == 0) then 

//if there is no request 

if (hrf_diurreq == 0) AND (plf_diurreq == 0) then 

sf u_diu_rreq = 0 

history = none 
// else there is a request 
else ( 

// assert busy and request DIU read access 
busy » 1 

sf u_diu_rreq » 1 

// arbitrate in round- robin fashion between the requestors 
// if only HCUReadLineFIFO requesting choose HCUReadLineFIFO 
if <hrf_diurreq == 1) AND (plf^diurreq == 0) then 
history = hrf 
select_hrfplf = 0 
// if only LBDPrevLineFIFO requesting choose LBDPrevLineFIFO 
if <hrf_diurreq 0) AND <plf_diurreq 1) then 
history = plf 
select_hrfplf = 1 
//if both HCUReadLineFIFO and LBDPrevLineFIFO requesting 
if (hrf_diurreq == 1} AND <plf_diurreq »= 1) then 

//no immediately preceding request choose HCUReadLineFIFO 
if (history *= none) then 
history = hrf 
select_hrfplf * 0 
//if previous winner was HCUReadLineFIFO choose LBDPrevLineFIFO 
elsif (history == hrf) then 
history = plf 
select_hrfplf « 1 

// if previous winner was LBDPrevLineFIFO choose HCUReadLineFIFO 
elsif (history a- plf) then 
history = hrf 
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select_hrfplf = 0 
// end chore is a request 
) 

25,8.10.4 Address Generation Logic 

The DIU interface generates the DRAM addresses of data read and written by the SFU's FIFOs 



sfu_go 



17„ start_sfu,adf 
1 7 y ertd_sftj_adr 



> Address Generator 



8 y hcu_dram_words 



hrf_diurack 



n!f_diuwack 



pJf„dJurack 



tt>d_sfu_advTtne 



-5- 


sfu_dfu_nadrf2l:5] 






sfu_diu_wadrf2l:5) 




hcu_readfine_adr 


— ^ 




hcu_$tartreacfline_adr 


— ► 




lbd_naxtlino_adr 






tod_pfevline_adr 


— ► 




hrf_adrvalfd 


— ► 




hlf_start_adrvalld 


-> 




nlf.adrvaSd 






plf.adrvalid 


-> 






Figure t37. Address Generation 

The address generator is configured with the number of DRAM words to read in a HPIl .in- 

Address Generation 

There are four address pointers used to manage the bi-level DRAM buffer: 

a. hcu_readline_adr[21:5] is the read address in DRAM for the HCUReadLineFIFO 

*SZ££ZEZ!Zg' :5J is the start address * DRAM for the «« «■*• ^ b y 

c. lbd_nextline_adr[21:5] is the write address in DRAM for the LBDNextLineFIFO 

d. lbd_prevline_adr[21:5J is the read address in DRAM for the LBDPrevLineFIFO. 
The current value of these address pointers are readable by the CPU. 

Four corresponding address valid flags are required to indicate whether the address pointers are valid- 

a. hlf_jadrvalid. 

b. hlfjstart__adrvalid. 
c- nlf^adrvalid. 

d. plfjxdrvalid. 
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DRAM requests from the FIFOs will not be issued to the DIU until the appropriate address flag is valid. 

Once a request has been acknowledged, the address generation logic can calculate the address of the next 
256-bit word in DRAM, ready for the next request 

Rules for address pointers 

The address pointers must obey certain rules which indicate whether they are valid: 

a. hcu_readline_adr[2I:5J is only valid if it is reading earlier in the line than 
U>d_nextline_adr[2I:5] is writing i.e. hlfjadrvalid - hcu_readline_adr[2151 >= 
lbd_nextiine_adr[2I:5]. 

b. The SFU cannot overwrite the current line that the HCU is reading from i.e. hi/ startadrvalid = 
lbd_nextline_adr[21:5] /= hcu_startreadline_adr[21:5]. 

c. The LBDNextL ineFIFO must be writing earlier in the line than LBDPrevLineFIFO is reading 
and must not overwrite the current line that the HCU is reading fromi.e. nlf adrvalid *= 
lbd_nextline_adr[2l:5] lbd^prevline_adrf2I:5J AND hcu_startreadline\alid 

d. The LBDPrevLineFIFO can read right up to the address that LBDNextLineFIFO is writing i e 
plf_adrvalid = lbd^prevline_adr[21 :5] /= lbd_j\extline_adr[21 :5J. 

e. At startup i.e. when sfu_go is asserted, the pointers are reset to start_sfii_adr[21 :5]. The first 
LBD NexiLineFIFO data is allowed to be written to lbd_nextline_adr[21 :5] even though 
nlfjadrvalid is initially invalid. 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 
X scaling of data for HCUReadLineFIFO 

The signal hcu_sju_advdot tells the HCUReadLineFIFO to supply the next dot or the current dot on 
sfujicu_sdata according to the hrf_xadvance signal from the scaling control unit. When hrfeadvance is 1 
the HCUReadLineFIFO should supply the next dot. When hrf_xadvance is 0 the HCUReadLineFIFO 
should supply the current dot. 



8 , xstart_count 

— ^ ; ► 


X Scaling Control 
Unit 


hrf^xatfvance 


o xscate_num 


► 


7* ► 

8 y xsca!e_denom 
^ — » 


hrf_hcu_endof[ine 


hcu_sfu_atfvdot 


► 



Figure 138. X scaling control unit 

The algorithm for non-integer scaling is described in the pseudocode below. Note, xjscale_count should 
be loaded with x_start_count after reset and at the end of each line. The end of the line is indicated by 
hrfjhcuendqfline from the HCUReadLineFIFO. 

if (hcu__sfu_dotadv == 1) then 

if <x_scale_count + x_scale_denom - x.scale.num >= 0) then 

x_scale_counc = x_scale_count ♦ x_scale„denom - x_scale_num 

hrf_xadvance =1 
else 

x_scale__count = x_scale_count + x_scale__denom 
hrf_xadvance * 0 

else 
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x_scale_count = x_scale_count 
hrf_xadvance = o 



Y scaling of data for HCUReadLineFIFO 

The HCUReadLineFIFO counts the number of hcu sju advdot strobes received fr™ tu u ™ , „ 

count equals Hcu.num^ the HCUReadLineFIFh^ ^nl^e^ne^^ ** 

?httS£2E3^^ ^ * **" Note,^/e_^ should 

if <hrf_hcu_endofline == 1) then 

if (y_scale_count ♦ y.scale.denom - y_ 8C ale nun, >= 0 > then 

£S2^/i y — l ^ WBt * y - scal - ---- 

else 

y_.scale_count = y_scale_count ♦ y_ S cale_denom 
hrf_yadvance = 0 

else 

y_scale_count = y_scale_count 
f _yadvan c e = 0 



S y ysca!a_num 




. M_yadvanc© 


8 „ yscala_denom 


— w 






— ► 


Y Scaling Control 






hff_hcu_endoftlr>e 




Unit 















Figure 139. Y scaling control unit 

(^ h e f t 0£ HCU lin * »d advance to next line 

- e " d0fline == 11 A " D (hrf^advance == 1, the n ( 
//advance to start of next HCU line in ORAM 
hcu_startreadline adr « hcu stawr.^n . 

//allow for address vraparouno ""^ * hcu - dra ^«°^ 

offset = hcu_startreadline_adr - encLsfu adr 
if (offset >= 0) then 

^ hcu_startreadline_adr = start_sf u_adr + offset 
hcu_readline_adr = hcu_startreadli ne _adr 

hcu_readlxne_adr = h C u_startreadUne_adr 



Figure 140 shows an overview of X and Y scaling for HCU data. 
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hcu_startreadllne_adr hcu_rea<UJn8_adf 



start of next hcu fine in DRAM » 

hcu.startread»ne_adr ♦ hcu_<Jrajn_words 



DRAM 



When DRAM reads lor Jlne 
are complete advance to next 
Kne or return to start of current fine 
acc ording to Y-scaEnq. 




hcu_sfu_advdol 



sfu_ncu_sdata 

r 

HCUReadLineFIFO 



hcu_sfu_advdot 



Figure 140. Overview of X and Y scaling at HCU interface 
Address generator pseudo-code: 
Initialization: 

if {sfu_go rising edge) then 

//set flag to allow first write 
init = 1 

//initialise address pointers to start of SFU address space 

lbd_prevline_adr (21 :5) = start_sf u_adr ( 21 : 5 ] 

lbd_nextline-adr[21:5] = start_sfu_adr [21 : 5 ] 

hcu_readline_adr [21:5) = start_sfu_adr(21 :S) 

hcu_startreadline_adr[21:5] = s tart_sfu_adr [21 : 5 } 
//if first write complete 
elsif (plf_adrvalid == 1) then 

// reset flag allowing first write 

init = 0 



Address valid signals: 

hrf_adrvalid = hcu_readline_adr != lbd_nextline_adr 
hrf_startadrvalid = lbd_nextline_adr != hcu_startreadline_adr 

L^^-h = ^ ° R « lbd - nextii » e -*<* IbcLprevline.adr) AND hrf s tartadrvalid) 
plf_adrvalid « lbd_prevline_adr != lbd_nextline_adr " 

Address pointer updating: 

//LBDNextLineFlFO 

//if DIU write acknowledge and LBDNextLineFlFO address is valid 
if <diu_sfu_wack ==1 AND nlf_adrvalid) then 
//if end of SFU address range 
if (lbd_nextline_adr =i end_sfu_adr) then 
//go to start of SFU address range 
lbd_nextline_adr = start_sfu_adr 
else 

//increment address pointer 
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lbd_nexcline_adr * lbd_nexcline_adr * x 
// LBDPrevLineFIPO 

'■'S*,^™ « eSd Oc!tnowled 9 e and LBDPrevLineFIPO address is valid 

lbd_prevline_adr = start__sfu_adr 
else 

lbd_prevline_adr n lbd__prevl ine_adr + l 
// HCUReadLineFIFO 

i£ i fd?u W .r" d a = kn ° Wled9e and HCUReadLineFIFO address is valid 

offset « hcu_startreadline_adr - end^sfu adr 
if (offset 0} then 

^ hcu.startreadline_.adr = start__sf u_adr ♦ offset 
hcu_readline_adr = hcu_startreadline_adr 

iislf*ll?£™ ^ rGtUrn t0 S ^ rt ° f c«rr«t line 

elsxf (hrf hcu^endofline - 1) AND (hrf^advance == 0) then 

hcu_readl ine _adr = hcu_startreadline_adr 
//if pointing to end of SFU address space 
elsxf <hcu_r e adline_ fl dr =- end_sfu_adr> then 

//go to start of SFU address space 

hcu_readline_adr = start_sfu adr 
else 

//increment address pointer 
hcu_readline_adr = hcu_readline_adr + 1 
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26 Tag Encoder (TE) 



26.1 Overview 



The Tag Encoder (TE] i provides functionality for Netpage-enabled applications, and typically requires the 
presence of IR ink (although K ink can be used for tags in limited circumstances). * 
The TE encodes fixed data for the page being printed, together with specific tag data values into an error- 
correctable encoded tag which is subsequently printed in infrared or black ink on the page The TE pSs 
tags on a tnangular gnd, and can be programmed for both landscape and portrait orientations P 

o^LT£"Z ^ rendCred 21 1600 dpi ' WhUe is encodcd int ° ^"mry number 

of pnnted dots The TE supports integer scaling in the Y-direction while the TFU supports integer sSing 

^y^TZo^O J.™ ^ rendW - * ~— " ta «- 1600 ~ 

^ L°E fr T l bU ? red 11,6 Tag FIF ° Uait ^ which is « turn used as input by the HCU 

ELS??* n»lS"iT^ , S,gDal 15 ° UtpUt t0 lhe end of band once the i«P«t tag da£ has been 
loaded from DRAM. The h lg h level data path is shown by the block diagram in Figure 141 



DRAM 
interlace 



H. 



tag 

encoder 



PCU 



tag FIFO 
unit 



halftoner/ 
compositor 



te_(inlsriedband 



Figure 141. High level block diagram of TE in context 

c! e l P 7?Z thr M U8h ^ HCU ' tag Pl3ne iS subse q« cnt 'y Panted with an infrared-absorptive ink that 
can be read by a Netpage sensing dev.ee. Since black ink can be IR absorptive, limited functional ity^anbe 
provided on offset-panted pages using black ink on otherwise blank a/eas of the pagT fo exlpk * 
encode buttons. Alternatively an invisible infrared ink can be used to print the positions ovcT^t of 
a regular page. However, :f inv lsl ble IR ink is used, care must be taken to eLre that any otheTprinted 

SnhTrnoch 6 Pa8 H ,S T " ^'^P'™' ink, as black ink will obsci Se infra d 
tags. The monochromatic scheme was chosen to maximize dynamic range in blurry reading environments. 

When muinple SoPEC chips are used for printing the same side of a page, it is possible that a single tan 
will be produced by two SoPEC chips. This implies that the TE must be fbie to pZ partial T g s * * 

TCis^'from rSrthet^rT^ 0 TE " ? Pr ° dUCe togS 31 half the ratc of PEC1 TE - the 
i c is reused rrom PEC1, the SoPEC TE over-produces by a factor of 2. 

In PEC1, in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 

^ cycles within PEC1. If the SoPEC TE were to be modified from two dots production per evele to a 
nommal one dot per cycle it should not lose the 63/52 cycle performance edge attained AnlTvEctll 
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26.2 What are tags? 



Es ¥ln?7£ *Z? T , " * C latC 1940 S by WOOdland and Silver > Md P ateI "ed ^ >952 

anL^hit , S" f C r mC ^ WCre SCarCC ind VCry CX P ensive - Now how ™* with the 
2H £™7 T fMd i ly aVai,able C T PUter techno, °S* near, y ev ^ item purchased from a shop cen- 
tals a barcode of some descnpt.on on the packaging. From books to CDs, to grocery items the barcode 

' TT r X ° f J dCntifyiDg 30 ^ * 3 P»*« »»*»• 1*- ^acTint^tadon of tne 
product number depends on the type of barcode. Warehouse inventory tracking systemsTet users oefine 

uc* Z P „ nUmber r? eS ' WhjlC inVent0,y * Sh ° PS mUSt ^ m0re -i^'y —ded 

ucte from one company don't overlap with products from another company. Universal Product Codes 

t^ve^o I n JOdUCed b 197 °' S 31 ° f thC Nati0Dal ^ iati0n S£dS££ 

SClV H S haVe i CCn S u PeC J fiCd in " large nUmber ° f f0rmats - older barcod e fonnats contain 
characters that are displayed m the form of lines. The combination of black and white lines describe the 

f ra T 0, J ( f r S C ° nta, , nS - ° ften therC 316 tW ° ^ of lincs to fo"" the complete barcode- the 
characters (the information itself) and lines to separate blocks for better optical recognition. While the 

^°™f° n ^ chan 8 e Jom barcode to barcode, the lines to separate blocks stays constant. The lines to 
separate blocks can therefore be thought of as part of the constant structural components of the barcode 
Barcodes are read with specialized reading devices that then pass the extracted data onto the computer for 
further processing. For example, a point-of-sale scanning device allows the sales assistant to add the 
ITS! i?l CUrrent PlaC6S * e Dame ° f itCm » d the P rice on 3 ^ d evice «* verifica! 
read the b^cod« nS * ^ re SCamM5re ' Sl0t readCrS> CameraS "* 31,10,18 1,16 man y devices used *<> 

To help ensure that the data extracted was read correctly, checksums were introduced as a crude form of 

^7oo< n Tc IOn ' 6 ^ 6nt b3rc0dC f0rm3tS ' SUch 35 ^ 2 D barcode developed by Andy Longacre 
in 1995 (US patent number US5591956). but now released to the public domain, use redundancy encoofng 
schemes such as Reed-Solomon. Reed Solomon encoding is adequately discussed in [24], [26] and f301 
The reader is adv.sed to refer to these sources for background information. Very often the degree of redun- 
dancy encoding is user selectable. 

More recently there has also been a move from the simple one dimensional barcodes (line based) to two 
e^ctTfS, T ° f f^ 8 ^ mformation ~ * series of lines, where the data can be 

^ >n T 8 d,mcnS,0n ' ? he '"formation is encoded in two dimensions. Just as with the original 
barcodes, the 2D barcode contains both information and structural components for better optical recogni- 
non. F.gure 142 shows an example of a QR Code (Quick Response Code), developed by Denso of Janan 
WS patent number US5726435). Note the barcode cell is comprised of two areas: 

die data bemg stored ,n the barcode), and a constant position detection panem. The constant position 
detection pattern ,s used by the reader to help locate the cell itself, then to locate the cell bound^es to 
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allow the reader to determine the original orientation of the cell (orientation can be determined by the fact 
that there is no 4th corner pattern). 



21 blocks wide 




Figure 142. Example QR Code developed by Denso of Japan 

The number of barcode encoding schemes grows daily. Yet very often the hardware for producing these 
barcodes is specific to the particular barcode format. As printers become more and more embedded, there 
is an increasing desire for real-time printing of these barcodes. In particular, Netpage enabled applications 
require the printing of 2D barcodes (or tags) over the page, preferably in infra-red ink. The tag encoder in 
SoPEC uses a generic barcode format encoding scheme which is particularly suited to real-time printing. 
Since the barcode encoding format is generic, the same rendering hardware engine can be used to produce 
a wide variety of barcode formats. 

Unfortunately the term "barcode" is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and does not include the constant position detection pattern. In other 
cases it refers to both data and constant position detection pattern. 

We therefore use the term tag to refer to the combination of data and any other components (such as posi- 
tion detection pattern, blank space etc. surround) that must be rendered to help hold or locate/read the data. 
A tag therefore contains the following components: 

• data area(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, perhaps simply checksummed) where the bits of the 
data are placed within the data area at locations specified by the tag encoding scheme. 

♦ constant background patterns, which typically includes a constant position detection pattern. These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
orientation and perspective information in the case of 2D tags. Constant background patterns may also 

, include such patterns as a blank area surrounding the data area or position detection partem. These 
blank patterns can aid in the decoding of the data by ensuring that there is no interference between tags 
or data areas. 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag data area is enclosed by a physical space and the reading means 
uses a non-optical location mechanism (e.g. physical alignment of surface to data reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blocks at the 
edges of the tag for position detection pattern (see Figure 142) and a data area in the remainder. By con- 
trast, the Netpage tag structure (see Figures 143 and 144) contains a circular locator component, an orien- 
tation feature, and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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Netpage tag. Note Lt fa FigW 144 a £k£* £ * ^ rendering t0 1600 d P> for a 

form a block within the data area. * * 15 re P resented *>Y niany physical output dots to 




(a) Netpage tag background pattern 




<b) Netpage tag showing data area 
Figure 143. Netpage tag structure 




26.2.1 



Figure 144. Netpage tag with data rendered 
Contents of the data area 

The data area contains the data for the tag. 

SEfaL 0 ^^ l°™«> a **• » of data 



at 1600 dpi (magnified view) 
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ning resolution. For example, in the QR code (see Figure 142), a single bit is represented by a dark module 
or a light module, where the exact number of dots in the dark module or light module depends on the ren- 
dering resolution and target reading/scanning resolution. For example, a dark module may be represented 
by a square block of printed dots (all on for binary 1 , or all off for binary 0), as shown in Figure 1 45. 




Figure 145. Example of 2x2 dots for each block of QR code 

The point to note here is that a single bit of data may be represented in the printed tag by an arbitrary 
printed shape. The smallest shape is a single printed dot, while the largest shape is theoretically the whole 
tag itself, for example a giant macrodot comprised of many printed dots in both dimensions. 

An ideal generic tag definition structure allows the generation of an arbitrary printed shape from each bit 
of data. 

26.2.2 What do the bits represent? 

Given an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
retrieval via a reading/scanning mechanism, the original number of bits can either be placed directly into 
the tag, or they can be redundancy-encoded in some way. The exact form of redundancy encoding will 
depend on the tag format. 

The placement of data bits within the data area of the tag is directly related to the redundancy mechanism 
employed in the encoding scheme. The idea is generally to place data bits together in 2D so that burst 
errors are averaged out over the tag data, thus typically being correctable. For example, all the bits of 
Reed-Solomon codeword would be spread out over the entire tag data area so to miriimize being affected 
by a burst error. 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is desirable to 
have a generic tag format structure. This allows the same data structure and rendering embodiment to be 
used to render a variety of tag formats. 

26.2.2. 1 Fixed and variable data components 

In many cases, the tag data can be reasonably divided into fixed and variable components. For example, if 
a tag holds Ambits of data, some of these bits may be fixed for all tags while some may vary from tag to tag. 

For example, the Universal product code allows a country code and a company code. Since these bits don't 
change from tag to tag, these bits can be defined as fixed, and don't need to be provided to the tag encoder 
each time, thereby reducing the bandwidth when producing many tags. 
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26.3 Placement of tags on a page 

The TE places tags on the page in a triangular grid arrangement as shown in Figure 146. 

dot direction Landscape orientation 



Portrait orientation 



©00 



0 0 0 



0 © 



dot direction 
► 



Line direction 



© _ © 



Line direction 

Figure 146. Placement of tags for portrait & landscape printing 
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The general case for placement of tags therefore relies on a number of parameters, as shown in Figure 147. 

— — — ^ dot direction 



Start Position 



AltTagUne Position 



tag within 
tag's bounding 



Tag width 
< ► 



^ Dot Inter-tag gap 



Line inter-tag gap 



line direction 



tag within 
tag's bounding 
box 



tag within 
tag's bounding 



Tag height 



^ Dot inter-tag gap 



tag within 
tag's bounding 
box 



Figure 147. General representation of tag placement 

The parameters axe more formally described in Table 120. Note that these are placement 
not registers. 



Table 120. Tag placement parameters 



parameters and 





mmmmmtiimmm 




Tag height 


i ne number of dot lines in a tag s bounding box 


minimum 1 


Tag width 


The number of dots in a single line of the tag's bound- 
ing box. The number of dots in the tag itself may vary 
depending on the shape of the tag. but the number of 
dots in the bounding box will be constant (by defini- 
tion). 


minimum 1 


Dot inter-tag gap 


The number of dots from the edge of one tag's bound- 
ing box to the start of the next tag's bounding box, in 
the dot direction. 


minimum = 0 


Line inter-tag gap 


The number of dot lines from the edge of one tag's 
bounding box to the start of the next tag's bounding 
box, in the line direction. 


minimum = 0 


Start Position 


Defines the status of the top left dot on the page - is an 
offset in dot & row within the tag or the inter-tag gap. 




AltTagLinePosition 


Defines the status for the start of the alternate row of 
tags. Is an offset in dot within the tag or within the dot 
inter-tag gap (the row position is always 0>. 





26.4 Basic tag encoding parameters 

ESf^-JSlSl'SS? T gC reS,ri ? ti0nS 0n ta S encodin S Peters as a direct result of on-chip 
Although the restnctions were chosen to take the most likely encoding scenarios into account, it is a sim 
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Table 121. Encoding parameters 




D v 



R v 



redundancy encoding for tag data 



size of fixed data (unencoded) 



s ' ze of redundancy-encoded fixed data 



size of variable data (unencoded) 



size of redundancy-encoded variable data 



tags per page width 



2 U dotpairs or 20.48 inches at 160 0 dot 

typical tag size is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling i.e. 6 mm x 6 mm at 1600 dpi 
384 dots before scaling 



Reed-Solomon GF^) at 5:10 or 7:8 
40 or 56 bits 



120 bits 



120 or 112 bits 



360 or 240 bits 



85 packed 6mm x 6mm tags (384 x 384 
dots) will fit in 20.48 inches 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data; giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 120 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data size of 360 bits. 

In the second case, with 7 symbols of original data, the total amount of original data per tag is 168 bits (56 
fixed, 112 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed, 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 



The Tag Format Structure (TFS) is the template used to render tags, optimized so that the tag can be ren- 
dered in real time. The TFS contains an entry for each dot position within the tag's bounding box. Each 
entTy specifies whether the dot is part of the constant background pattern or part of the tag's data compo- 
nent (both fixed and variable). 

The TFS is very similar to a bitmap in that it contains one entry for each dot position of the tag's bounding 
box. The TFS therefore has TagHeight x TagWidth entries, where TagHeight matches the height of the 
bounding box for the tag in the line dimension, and TagWidth matches the width of the bounding box for 
the tag in the dot dimension. A single line of TFS entries for a tag is known as a tag line structure. 

The TFS consists of TagHeight number of tag line structures, one for each 1600 dpi line in the tag's 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual number of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present 1 . Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5-bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-bit words. Padding (18 x 32-bit words) is inserted after every 7 tag line structures to keep each tag line 



1. This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 



26.5 



Data structures used by tag encoder 



26.5.1 



Tag Format Structure 
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Tag Format Structure 



tag line structure 0 



tag line structure 1 



tag line structure 2 



tag line structure 6 



reserved and unused 
(18x32-bite) 



tag line structure 8 



tag line structure n 



\ 



\ 



\ 



\ 



\ 



tag line structure 



table A 
(384 entries x 2-brts) 
(768 bits) 



table B 
(32 entries x 9-bits) 
(288 bits) 



table C 
(2 entries x 5-bits) 
(10 bits) 



\ 



reserved and 
unused 
(22 bits) 



Figure 148. Composition of SoPEC's tag format structure 



A fiill description of the interrelation and usage of Tables A, B and C is 



given in section 26.8.3 on page 



26. 5. 1. 1 Scaling a tag 
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Instead, we can replace each of the original dots in the TFS by a 7 x 7 dot definition of a rounded dot Fig- 
ure 1 50 shows the results. B 



b0 



Legend 

constant 0 
M^3j constant 1 
data bit 0 
data bit 1 
data bit 2 
data bit 3 
data bit 4 
data bit 5 



b1 



b2 



b3 



b4 



b5 





afways 1 


always 1 


always 1 




(backflround) 


(background) 


(background) 


position detection pattern 








(1 line all dark) 


data 


data 




data 


data area 


MO 


W1 


bit 2 


(2 fines of 3 bits) 










data 


data 


data 




bit 4 


bits 


bit 3 



Figure 149. Simple 3x3 tag structure 




Figure 150. 3x3 tag redesigned for 21 x 21 area (not simple replication) 

Consequently, the higher the resolution of the TFS the more printed dots can be printed for each macrodot, 
where a macrodot represents a single data bit of the tag. The more dots that are available to produce a mac- 
rodot, the more complex the pattern of the macrodot can be. As an example, Figure 144 on page 360 
shows the Netpage tag structure rendered such that the data bits are represented by an average of 8 dots x 
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8 dots (at 1600 dpi), but the actual shape stiucture of a dot is not square. This allows the printed Netnaee 
tag to be subsequently read at any orientation. 



26.5.2 



Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-11 1 or 0-1 19 are the bits of raw ta K 
dat^bit 120 is a flag used by the TE {TaglsPrinted), and the remaining 7 bits are reserved (and should be 
0). Having a record size of 128 bite simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the effective specification of a tag resolution mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This allows arbitrary 
placement of tags on the page. For example, tags may only be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed. TaglsPrinted is a 1 bit flag with values as 
shown m Table 122. 



Table 122. TaglsPrlnted values 



HiMH 










0 


Don t print the tag in this tag position. 

Output 0 for each dot within the tag bounding box. 


1 


Pnnt the tag as specified by the various tag structures. 1 



26.5.3 



DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band. Each tag requires 128 bits. Consequently if there are AT tags in the band, the size in DRAM is 
16N bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a minimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeight/1 KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384) the maximum 
size in DRAM for a TFS is 55 KBytes. 



26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data, TD, and tag format structure, TFS. 
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The memory usage requirements are shown in Table 123. Raw tag data is stored in the compressed page 
store e " 



Table 123. Memory usage requirements 



Compressed page store 


2048 Kbytes 


Compressed data page store for BMevet, contone and 
raw tag data. 


Tag Format Structure 


55 Kbyte (384 dot Pne tags 
@ 1600 dpi) 


55 kB in PEC1 for 384 dot line tags (the benchmark) at 
1600 dpi 

2.5 mm tags (1/10th inch) © 1600 dpi require 160 dot 

lines = 1 60/384 x55 or 23 kB 

2.5 mm tags 3 800 dpi require 80/384 x55 a 12 kB 



The TD interface will read 256-bits from DRAM at a time. Each 256-bit read returns 2 times 128-bit tags. 
The TD interface to the DIU will be a 256-bit double buffer. If there is an odd number of tags in line then 
the last DRAM read will contain a tag in the first 128 bits and padding in the final 128 bits. 

The TFS interface will also read 256-bits from DRAM at a time. The TFS required for a line is 136 bytes. 
A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 
fifth 256-bit word A 136-byte double-line buffer will be implemented to store the TFS data. 

The TE's DIU bandwidth requirements are summarized in Table 124. 



Table 124. DRAM bandwidth requirements 



^iocfcNameS 










3ft Owe*** !?^^Om 


TD 


Read 


Single 256 bit reads 1 . 


1.02 


1.02 


TFS 


Read 


Single 256 bit reads 2 . TFS is 
136 bytes. This means there 
is unused data in the fifth 
256 bit read. A total of 5 
reads is required 


0.093 


0.093 



1: Each 2mm tag lasts 126 dot cycles and requires 128 bits. This is a rate of 256 bits every 252 cycles. 
2: 17 x 64 bit reads per line in PEC1 is 5 x 256 bit reads per line in SoPEC with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 

SoPEC allows for tags to be between 0 to 384 dots. A typical 2 mm tag requires 1 26 dots. Short tags do not 
change the internal bandwidth or throughput behaviours at all. Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too small TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 



26,6.1 Tag Encoder Architecture 

A block diagram of the TE can be seen below. 
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Figure 151. TE Block Diagram 

The TE writes lines of bi-level tag plane data to the TFU for later reading by the HCU The TE is re.non 
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The tag encoder consists of a TFS interface that loads and decodes TFS entries, a tag data interface that 
loads tag raw data, encodes it, and provides bit values on request, and a state machine to generate appropri- 
ate addressing and control signals. The TE has two separate read interfaces to DRAM for raw tag data, 
TD, and tag format structure, TFS. 

It is possible that the raw tag data interface, the TD, to the DIU could be replaced by a hardware state 
machine at a later stage. This would allow flexibility in the generation of tags. Support for Y scaling needs 
to be added to the PEC1 TE. The PEC1 TE already allows stalling at its output during a line when 
tfiijte^oktowrite is deasserted. 



26.6.2 Y-Scaling output lines 



In order to support scaling in the Y direction the following modifications to the PEC1 TE are suggested to 
the Tag.Data Interface, Tag Format Structure Interface and TE Top Level: 

• for Tag Data Interface: program the configuration registers of Table 126 t firstTagLineHeight and tag- 
MaxLine with true value i.e. not multiplied up by the scale factor YScale. Within the Tag Data interface 
there are two counters, countx and county that have a direct bearing on the rawTagDataAddr genera- 
tion, countx decrements as tags are read from DRAM. It is reset to NumTagsfRtdTagSenseJ at start of 
each line of tags, county is decremented as each line of tags is completely read from DRAM i.e. countx 
- 0. Scaling may be performed by counting the number of times countx reaches zero and only decre- 
menting county when this number reaches YScale. This will cause the TagData Interface to read each 
line of tag data NumTagsfRtdTagSense] * YScale times. 

• for Tag Format Structure Interface: The implication of Y-scaling for the TFS is that each Tag Line 
Structure is used YScale times. This may be accomplished in either of two ways: 

• For each Tag Line Structure read it once from DRAM and reuse YScale times. This involves gating 
the control of TFS buffer flipping with YScale. Because of the way in which this advTfsLine and 
advTagLine related functionality is coded in the PEC1 TFS this solution is judged to be error-prone. 

• Fetch each TagLineStructure YScale times. This solution involves controlling the activity of currTf- 
sAddr with YScale. - J 
In SoPEC the TFS must supply five addresses to the DIU to read each individual Tag Line Struc- 
ture. The DIU returns 4*64-bit words for each of the 5 accesses. This is different from the behav- 
iour in PEC 1, where one address is given and 17 data- words were returned by the DIU. 

Since the behaviour of the currTfsAddr must be changed to meet the requirements of the SoPEC 
DIU it makes sense to include the Y-Scaling into this change i.e. a count of the number of com- 
pleted sets of 5 accesses to the DIU is compared to YScale. Only when this count equals YScale can 
currTfsAddr be loaded with the base address of the next lines Tag Line Structure in DRAM, other- 
wise it is re-loaded with the base address of the current lines Tag Line Structure in DRAM. 

• For Top Level: The Top Level of the TE has a counter, LinePos. which is used to count the number of 
completed output lines when in a tag gap or in a line of tags. At the start (i.e. top-left hand dot-pair) of 
a gap or tag LinePos is loaded with either TagGapLine or TagMaxLine. The value of Line Pos is decre- 
mented at last dot-pair in line. Y-Scaling may be accomplished by gating the decrement of LinePos 
based on YScale value 
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26.6.3 TE Physical Hierarchy 
Tag Encoder 



Top Level FSM 
+ PCU + Comb 
Logic for Muxing 
etc. 




Figure 152. TE Hierarchy 
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I 26.6.4 IO Definitions 



Table 125. TE Port Ust 



fmmssmmt 




Clocks and Resets 


pdk 


1 


in 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


Bandstore Signals 


cdu^endofbandsto re[2 1 :5] 


17 


In 


Address of the end of the current band of data. 
256-bit word aligned ORAM address. 


cdu_startofbandstore[21 :5J 


17 


In 


Address of the start of the current band of data. 
256-bit word aligned DRAM address. 


te_finishedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu_addr(8:2} 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
for this block. 


pcu_dataout(31:0] 


32 


in 


Shared write data bus from the PCU. 


te_pcu_datainl31 :0) 


32 


Out 


Read data bus from the TE to the PCU. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_te„sel 


1 


In 


Block select from the PCU. When pcu_te_se! is high both 
pcu_ a tfoV and pcu_dataout are valid. 


te_pcu_rdy 


1 


Out 


Ready signal to the PCU. When te_pcu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and lor a read cycle this means 
the data on te^pcu^datain is valid. 


TD (raw Tag Data) OIU Read Interface signals 


td_ diu_rreq 


1 


Out 


TD requests DRAM read. A read request must be accompanied by 
a valid read address. 


td_diu_radr(21:5] 


17 


Out 


TD read address to DIU. 

17 bits wide (256-bit aligned word). 


diu_td_rack 


1 


In 


Acknowledge from DIU that TD read request has been accepted 
and new read address can be placed on te_diu_radr. ! 


diu_data(63:0) 


64 


In 


Data from DIU to TE. 
First 64-bits are bits 63:0 of 256 bit word; 
Second 64-bits are bits 127:64 of 256 bit word; 
Third 64-bits are bits 1 91 :128 of 256 bit word; 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 


diu_td_rvalid 


1 


In 


Signal from DIU telling TD that valid read data is on the diu_data 
bus. 


TFS (Tag Format Structure) D1U Read Interface signals 


tfs_diu_rreq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tfs_diu_radr(21:5] 


17 


Out 


TFS Read address to DIU 

1 7 bits wide (256-bit aligned word). 


diu_tfs_rack 


1 


In 


Acknowledge from DIU that TFS read request has been accepted 
and new read address can be placed on tfs_diu_radr. 
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Table 125. TE Port List 




diu_dataf63:0) 



diu_tfs_rvafid 



In 



In 



TFU Interface data and control signals 



Data from DIU to TE. 
First 64-bits are bits 63.-0 of 256 bit word- 
Second 64-bits are bits 127:64 of 256 bit word- 
Third 64-bits are bits 1 91:128 of 256 bit word: ' 
Fourth 64-bits are bits 255:192 of 256 bit word. 



^ nal from DIU telling TFS that valid read data is on the diu^data 



tfu_te_oktowrite 



te_tfu_wradv1ine 



In 



Out 



Out 



Ready ^gnal .nd.cating TFU has space avaitabfe and is ready to be 
wntten to. AJso asserted from the point that the TFU has recieved 

its expected number of bytes for a line until the next 
te_tfu_ wradvtine 




W ; i !f valid signal. This signal remains high whenever there is 
valid output data on te_tfu_wdata 



Advance tine signal strobed when the last byte in a tine is placed 
on te_tfu_wdata 



26.6.5 



Configuration Registers 

The configuration registers in the TE are programmed via the Prn ,* t> r 



Table 126. TE Configuration Registers 




Control registers 

0x00 



Reset 



0x04 



Go 



A write to this register causes a reset of the TE. 
This register can be read to indicate the reset state: 

0 - reset in progress 

1 - reset not in progress 



Writing 1 to this register starts the TE. Writing 0 to this 
register haits the TE. 

When Go is deasserted the state-machines go to their 
idle states but ail counters and configuration registers 
keep their vaiues. 

When Go is asserted all counters are reset, but con- 
figuration registers keep their values (i.e. they don't 
get reset). NaxtBandEnable is cleared when Go is 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine if the TE is run- 
ning (1 = running, 0 = stopped). 
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Table 126. TE Configuration Registers 




Setup registers (constant for processing of a page) 



I 0x40 


TfsStartAdr 
(64-bit aligned ORAM 
address - should start at 
a 256-bit aligned loca- 
tion) 


19 


0 


Points to the first word of the first TFS line in DRAM. 


0x44 ~ 


TfsEndAdr 
(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 


19 


0 


Points to the first word of the last TFS Jine in DRAM. 


0x48 


TfsFtrstLfneAdr 
(64-bit aiigned DRAM 

a riff rp<:<i\ 

uuu 1 COO / 


19 


0 


Pornts to the first word of the first TFS fine to be 
encountered on the page, if the start of the page is in 
an inter-tag gap, then this value will be the same as 
TFSStartAdr since the first tag line reached will be the 
top line of a tag. 


I 0x4 C 




1 


0 


Defines the data to redundancy ratio for the Reed 
Solomon encoder. Symbol size is always 4 bits, Code- 
word size is always 1 5 symbols (60 bits). 

0 - 5 data symbols (20 bits), 10 redundancy symbols 
(40 bits) 

1 -7 data symbols (28 bits), 8 redundancy symbols 
(32 bits) 


0x50 
I 0x54 


Decode2DEn 


1 


0 


Determines whether or not the data bfts are to be 2D 
decoded rather than redundancy encoded (each 2 
bits of the data bits becomes 4 output data bits). 
0 = redundancy encode data 
J = decode each 2 bits of data into 4 bits 




VariabteData Present 


1 


0 


Defines whether or not there is variable data in the 
tags. If there is none, no attempt is made to read tag 
data, and tag encoding should only reference fixed 
tag data. 


0x58 


EncodeFixed 


1 ! 


0 


Determines whether or not the lower 40 (or 56) bits of 
fixed data should be encoded into 120 bits or simply 
used as is. 


0x5C 


TagMaxDotpairs 


8 


0 


The width of a tag in dot-pairs, minus 1 . 
Minimum 0, Maximum=191. 


0x60 


TagMaxLine 


9 


0 


The number of lines in a tag, minus 1. 
Minimum 0, Maximum = 383. 


0x64 


TagGapDot 


14 


0 


The number of dot pairs between tags in the dot 

dimension minus 1 . 

Only valid if TagGapPresenqbh 0) = 1. 


0x68 
0x6C 


TagGapUne 
DotPairsPerLine 


14 
14 


0 
0 


Defines the number of dotlines between tags in the 

line dimension minus 1 . 

Only valid if TagGapPresenQbiU) = 1. 


0x70 


DotStartTagSense 


2 


0 


Number of output dot pairs to generate per tag line. 
Determines for the first/even (bit 0) and second/odd 
(bit 1) rows of tags whether or not the first dot position 
of the line is in a tag. 
1^ as in a tag, 0 e in an inter-tag gap. 
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Sh 



Table 126. TE Configuration Registers 





0x60 to 
0x84 



0x88 to 
0x8C 



DotStartPos 



NumTags 



Setup band related registers 



2x14 



2x8 



finn VhV^IV* * ™ lmef * te9 gap m *• dot Vi- 
sion, and 0 if tags are tightly packed 

finr! ^ L VZV * an mter ' ta9 ° ap ln ,in * 
sion, and 0 if tags are tightly packed. 



T ? l ?,f cate fector in Y direction. Output lines to the TRJ 
will be generated YScale times. 



Determines for the firsVeven (0) and second/odd (1) 
rows o tags^he number of dotpairs remaining minus 
1 , In either the tag or inter-tag gap at the start of the 
line. 



Determines for the firsVeven and second/odd rows of 
tags how many tags are present in a line (equals 
number of tags minus 1). 



OxCO 



0xC4 



NextBandStartTagDa- 
taAdr 

(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



NextBandEndOfTagOata 
(64-bit aligned DRAM 
address) 



OxCC 



NextBandEnable 



Holds the value of StartTagDataAdr for the next band 
This value is copied to StartTagDataAdr when 
DoneBand is 1 and NextBandEnable is 1 , or when Go 
transitions from 0 to 1 . 



Holds the value of EndOfTagData for the next band 
This value is copied to EndOfTagData when 
DoneBand is 1 and NextBandEnable is 1, or when Go 
transitions from 0 to 1 . 



Holds the value of FirstTagUneHeight for the next 
band. This value is copied to RrstTagUneHeight when 
DoneBand gets is t and NextBandEnable is 1, or 
when Go transitions from 0 to 1 . 



When NextBandEnable is 1 and DoneBand is 1 then 
when te_finishedband is set at the end of a band- 
-NextBandStartTagDataAdr is copied to StartTaqDa- 
taAdr 

-NextBandEndOfTagData is copied to EndOfTagData 

-NextBandFirstTagUneHeight is copied to FirstTa- 

gLineHeight 

-DoneBand is cleared 

-NextBandEnable is cleared. 

NextBandEnable is cleared when Go is asserted. 
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Table 126. TE Configuration Registers 



M 






mm 


■hhh 






1 


0 

• 


Specifies whether the tag data interface has fmiehoH ' 
loading ail the tag data for the band. 
It Is cleared to 0 when Go transitions from 0 to 1. 
When the tag data interface has finished loading all 
the tag data tor the band, the te^finisnedband signal 
Is given out and the DoneBand flag is set. 
If NextBandEnable is1 at this time then StartTagDa- 
taAdr, endOfTagData and firstTaglineHeight are 
updated with the values for the next band and 
DoneBand is cleared. Processing of the next band 
starts immediately. 

If NextBandEnabfe is 0 then the remainder of the TE 
will continue to run,, while the read control unit waits 
for NextBandEnabfe to be set before it restarts. Read 
only. 


0xD4 


StartTagDataAdr 
(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 


19 


0 


The start address of the cunent row of raw tag data. 
This is initially points to the first word of the band's tag 
data, which should be aligned to a 128-bit boundary 
(i.e. the lower bit of this address should be 0). Read 
only. 


0xD8 


EndOfTagData 
(64-bit aligned ORAM 
address) 


19 


0 


Points to the address of the final tag for the band. 
When all the tag data up to and including address 
endOfTagData has been read in, the te_fmishedband 
signal is given and the doneBand flag is set. Read 
only. 


OxOC 


RrstTagLJneHeight 


9 


0 


The number of lines minus 1 in the first tag encoun- 
tered in this band. This will be equal to TagMaxUne if 
the band starts at a tag boundary. Read only. 


Work reglstt 


srs (set before starting the TE and must not be touched between bands) 


0x100 


UnelnTag 


1 


0 


Determines whether or not the first line of the page is 
in a line of tags or in an inter-tag gap. 
1 - in a tag, 0 - in an inter-tag gap. 


0x104 


LinePos 


14 


0 


The number of lines remaining minus 1, in either the 
tag or the inter-tag gap in at the start of the page. 


0x1 10 to 
0x1 1C 


TagData 


4x32 


0 


This 128 bit register must be set up initially with the 
fixed data record for the page. This is either the lower 
40 (or 56) bits (and the encodeFixed register should 
be set), or the lower 1 20 bits (and encodedRxed 
should be dear). The tagDatafO] register contains the 
lower 32 bits and the tagDataJ3J register contains the 
upper 32 bits. 

This register is used throughout the tag encoding 
process to hold the next tag's variable data. 


Work registe 
Read-only fix 


rs (set Internally) " ~ — 

>m the point of view of PCU register access 


0x140 


DotPos 


14 


0 


Defines the number of dotpairs remaining in either the 
tag or inter-tag gap. Does not need to be setup. 


0x144 


CurrTagPlaneAdr 


14 


0 


The dot-pair number being generated. 


0x148 


DotslnTag 


1 


0 


Determines whether the current dot pair is in a tag or 
not 

1 - in a tag, 0 - in an inter-tag gap. 
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Tabte 126. TE Configuration Registers 




0x14C 



0x154 



0x158 



CurrTFSAdr (64-bit 
aligned DRAM address) 



ReadsRemainfng 



0x168 



RawTagDataAdr 
(64-bit aligned DRAM 
address) 



19 




Determines ; whether thTp^SK^^^f 
tor the first (and subsequent even) or second (and 
subsequent odd) row of tags. 



Points to the start next line of the TFS to be read in. 



Number ol reads remaining in the current burst from 
the raw tag data interface 



19 



Determines whether the raw tag data interface is cur- 
rently reading even rows of tags (=0) or odd rows of 
tegs (=1) with respect to the start of the page. Note 
that this can be different from tagAltSense since the 

tTon of dofs 1 " interfaCe " readinQ 3head ° f pr0duc * 



The current read address within the unencoded raw " 
tag data. 



^^^^^^^^^^^^^^ 



control 
pcu_dataout[31 :0] . 




write j 




decode J 






— A— 




read 
^decode 



sub-block 



te_pcu_datain[3t:0] 



te_pcu_rdy 



top level 



Figure 153. Block diagram of PCU 



accesses 
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26.6.5.1 Starting the TE and restarting the TE between bands 

The TE must be started after the TFU. 

For the first band of data, users set up NextBandStortTagDatoAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE's Go bit to start pro- 
cessing of the band. When the tag data for the band has finished being decoded, the tejinishedband 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
free. Processing can now start on the next band of tag data. 

In order to process the next band NextBandStortTagDatoAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a 1 to NextBandEnable. There are 4 mechanisms for 
restarting the TE between bands: 

a. tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit. The 
CPU reprograms the NextBandStortTagDatoAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight registers, and sets NextBandEnable to restart the TE. 

b. The CPU programs the TE's NextBandStortTagDatoAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnable flag before the end of the current 
band. At the end of the current band the TE sets DoneBand. As NextBandEnable is already I , 
the TE starts processing the next band immediately. 

c. The PCU is programmed so that tejinishedband triggers the PCU to execute commands from 
DRAM to reprogram the NextBandStortTagDatoAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnable bit to start the TE processing 
the next band. The advantage of this scheme is that the CPU could process band headers in. 
advance and store the band commands in DRAM ready for execution. 

d. This is a combination of b and c above. The PCU (rather than the CPU in b) programs the TE's 
NextBandStortTagDatoAdr, NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnable bit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses te Jinishedband. As NextBandEnable is already 1, the 
TE starts processing the next band immediately. Simultaneously, te Jinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands from DRAM. The PCU commands program the TE next band shadow reg- 
isters and sets the NextBandEnable bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
= TagMaxLine. Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed. 
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I 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM. 

Reset ORnft^ff 

< ™ e ) 



Go— | 



TagDotLinc 



while prnHii t jng valid jag lin~ 



Figure 154. Tag Encoder Top-Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time with 
the starting position either ,n an inter-tag gap (signal dotsintag = 0) or in a tag (signals tfsvalid and tdvalid 

toe) '" 0nly Print ' ng Part ° f 3 138 dUC 10 multiple SoPECs prin,in S a sia & 

If the current position is within an inter-tag gap, an output of 0 is generated If the current position is 

iSlS H a g ;t> f 8 !T« T"* ^ vf d J t ° deteminC the V3lUe ° f * e 0Ut P ut dot > 1116 appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along the line 
of dots, moving through tags and inter-tag gaps according to the tag placement parameters. 



Table 127 highlights the signals used within the FSM. 
Table 127. Signals used within TE top level FSM 






IIS 




pdk 


Sync dock used to register all data within the 




prst_n, te_reset 


Reset signals 


advtagline 


1 cycles pulse indicatmg to TDI and TFS sub-biocks to move onto the next line of 
Tag data 


currdot!ineadr(13:0] 


Address counter starting 2 pclk ahead of currtagplaneadr to generate the correct 
dotpair for the current fine 


dotpos 


Counter to identify how many dotpairs wide the tag/gap is 


dotsintag 


Signal identifying whether the dotpair are in a tag(1)/gap<0) 


[ineintag_temp 


Identical to lineintag but generated 1 pclk earlier 


linepos_shadow 


Shadow reg.ster for linepos due to tinepos being written to by 2 different proc- 
esses K 


talaltsense 


Flag which alternates between tag/gap lines 


te_state 


FSM state variable 


teplanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvtine 


Advance line signal strobed when the last byte in a line is placed on to tfu wdata 
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Due to the 2 system clock delay in the TFS (both Table A and Table B outputs are registered) the TE FSM 
is working 2 system clock cycles AHEAD of the logic generating the write data for the TFU As a result 
the following control signals had to be single/double registered on the system clock 



dotsintag • 
tdvalid * 
tfsvalid • 
tfu_ok_write - 
lineintag_temp - 



A 



pclk 



dotsintag 1 


tdvalidl 




tfsvalid 1 


► 


tfu_ok_writel 


► 

► 



A 



->dotsintag2 
->tdvalid2 
->tfsvalid2 
-+-tfu_ok_write2 



Figure 155. Generated Control Signals 

The tag_dot_line state can be broken down into 3 different stages. 

Stagel:- The state tag_dotJine is entered due to the go signal becoming active. This state controls the 
writing of dotbytes to the TFU. As long as the tag line buffer address is not equal to the dotpairsperline 
register value and tfu_(e_oktowrite is active, and there is valid TFS and TD available or taggaps, dotpairs 
are buffered into bytes and written to the TFU. The tag line buffer address is used internally but not sup- 
plied to the TFU since the TFU is a FIFO rather than the line store used in PEC1 . 

While generating the dotline of a tag/gap line {lineintag flag = 1) the dot position counter dotpos is decre- 
mented/reloaded (with tagmaxdotpairs or taggapdot) as the TE moves between tags/gaps. The dotsintaz 
flag 1S toggled between tags/gaps (0 for a gap, 1 for a tag). This pattern continues until the end of a dotline 
approaches (currdotlineadr = dotpairsperline). 

2 system clock cycles before the end of the dotline the lineintag and tagaltsense signals must be prepared 
tor the next dotline be it in a tag/gap dotline or a purely gap dotline. 



Stage2:- At this point the end of a dot line is reached so it is time to decrement the linepos counter if still in 
a tag/gap row or reload the linepos register, dotpos counter and reprogram the dotsintag flag if going onto 
another tag/gap or pure gap row. Any signal with the _temp extension means this register is updated a 
cycle early m order for the real register to get its correct value while switching between dot lines and tag 
rows when dotpos and linepos counters reach zero i.e when dotpos = 0 the end of a tag/gap has been 
reached, when Imepos = 0 the end of a tag row is reached. This stage uses the signals lineintag temp and 
tagaltsense which were generated one system clock cycle earlier in Stage 1 . 

' fTcn StagC im f lcme j lts the writin « of dotpairs to the correct part of the 6-bit shift register based on 

the LSBs of currtagplaneadr and also implements the counter for the currtagplaneadr. The curriagpla- 
for ti.Zrr r H ^ % «"V a & lan °*?r 7 (dotpairsperline - 1). All the qualifier signals e.g dotsfntag 
for this stage are delayed by 2 system clock cycles i.e. the currtagplaneadr (which is the internal write 

™tr^ S ^^v. C3nn0t incremented ™« *■ **P*rs « available which is^ways 2 
Wtem clock cycles later tha n when currdotlineadr is incremented. 
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The wradvline and advtagline pulses are generated using the same logic (currently separated in the PEC1 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers. 

26.6.7 Combinational Logic 

The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Every 
dot within a tag's boundary is either an information dot or part of the background pattern. 



.dotsJO] 




dots[1] 



dotsintag 

Figure 156. Logic to combine dot information and Encoded Data 

The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdotnum\ the TFS interface outputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values {tdi_etdQ and tdi_etdl) are then combined with the dot information {tfsijta_dotO and 
tfsi_ta_dotl) to produce the dot values that will actually be printed on the page {dots), see Figure 1 56. 



lastdotintagl 



dotsintag 
tfsvalid 
t d valid 
d otpos 




dotpairap ertine 



Figure 157. Generation of Lastdotintag/1 

The signal lastdotintag is generated by checking that the dots are in a tag {dotsintag = I) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next, lastdotin- 
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tog .s gated Whadvtagltnem the TFSi (Table C) where advjfsjine pulse is used to update the Table C 
address reg for the new tag Ime - this is because lastdotintag occurs a cycle earlier than which 
would result in the wrong Table C value for the last dotpair. lastdotintag is also used inlhV TOi 
(etd_sw,tch state) to pulse the etd_advtag signal hence switching buffers in the ETDi for the nexUag 

The signal lastdotintagl is identical to. lastdotintag except it is combinatorial^ generated (1 cycle earlier 
*an astdonntag, except at the end of a tagline). lastdotintagl signal is only IL in the , TO?S res^ 
tdvahd signal on the cycle when dotpos = 0. Note the UNSIGNED<cW 0 Le«tfr) = UnS<SSS£ 

ZZ nt ne) ' 1 ^IGNED^orWr) = UNSlG^D(dotpairsperline) - ™te 
lastdotintag_gen process as this is an combinatorial process. . 



dotsintagi 




dotposvalid 
*• 



te tlhi nktnuurito-| 



Figure 158. Generation of Dot Position Valid 

The dotposvalid signal is created based on being in a tag line (toemrag/ = i), do ts being in a tag 

( Z ? g , 7 3 VaHd teg f0m,at StmCtUre avai,able = 1) and having encoded L data 

available = 1). Note that each of the qualifier signals are delayed by 1 pclk eyefe die to the reS 

nabfe°to toll* °tT ™? ° **°™ bW iS ^ ™* Jsignt i used^an 

adt^ to mixe^ re8,Ster W ' th « ^ int ° ™" * •** - - Prides the-2 



dotsintag 
tfsvalid2 
tdva!id2- 
currtagplaneadr 




> te_tfu_we 



^ te_tlbi_wradr 



Figure 159. Generation of write enable to the TFU 
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The signal tejfu_wdatavalid can only be active if in a taggap or if valid tag data is available (tdvalid2 and 
tfsvalidl) and the currtagpplaneadr{\ :0) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 



tagdotnum 




Figure 160. Generation of Tag Dot Number 

The signal tagdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in the dotpos counter from the value programmed in the tagmaxdotpairs register. 
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26.7 Tag Data Interface (TDi) 

26.7.1 I/O Specification 

Table 128. TDI Port List 



Clocks and Resets 



pcJk 


In 


SoPEC system dock 


prst_n 


In 


Active-low. synchronous reset in pclk domain. 


DIU Read Interface Signals — 


diu_data[63:0] 


In 


Data from DRAM. 


td_diu_rreq 


Out 


Data request to DRAM. 


td_diu_radrf21:5] 


Out 


Read address to DRAM. 


diu_td_rack 


In 


Data acknowledge from DRAM. 


dtu td rvalid 


In 


Data valid signal from DRAM. 


PCU Interface Data, Control Sfgna 


Is and 


pcu_dataout(31:0] 


In 


PCU writes this data. 


pcu_addr[8:2] 


In 


PCU accesses this address. 


pcu_rwn 


In 


Global read/write-not signal from PCU. 


pcu_te_sel 


In 


PCU selects TE for r/w access. 


pcu_te_reset 


In 


PCU reset 


td_te_doneband 

td_te_data red un 

td_te_decode2den 

td_te_variabledatapresent 

td_te_encodefixed 

td_te_numtagsO 

td_te_numtags1 

td__te_starttagdataadr 

td_te_rawtagdataadr 

td_te_endoftagdata 

td_te_firsttagJineheight 

td_te_tagdataO 

td_te_tegdata1 

td_te_tagdata2 

td_te_tagdata3 

td_te_countx 

td_te_county 

td_te_rtdtagsense 

td_te_readsremaining 


Out 


PCU readable registers. 


TPS (Tag Format Structure) 


tfsLadr0f8:0] 


In 


Read address for dotO 


tfsLadr 1(8:0] r 


In 


Read address for dot1 


Bandstore Signals " ~ — 


cdu_startofbandstore[24:0J 


In 


Start memory area allocated for page bands 


cdu_endofbandstore[24:0) 


In 


Last address of the memory allocated for page bands 


te_finishedband 


Out 


Tag encoder band finished 
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te_finishe<lband 




+ tdvafid 
lastDotlnTag 
testDotlnTagl 



► taglsPrinted 



etdRdAdrO 



eWRdAdrl 



Figure 161. TDI Architecture 



26.7.2 Introduction 



The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the tag 
dote°wide tyPi€al ^ plaCCment 15 2mm X 2mm ' which means a *g " * least 1 26 1600 dpi 

S^Sj? t0 ke ?i UP 7 ith !!* HCU WhiGh prOCCSSeS 2 dots P er the fa g interface has 

been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles w.thin PEC1. For SoPEC the TE need only produce one dot per cycle; it should beable to pro- 
duce tags m no more than twice the time taken by the PEC1 TE. Moreover, any change in implementation 
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from two dots to one dot per cycle should not lose the 63/52 cycle performance edge attained in the PEC1 
XE. 

As shown in Figure 162, the tag data interface contains a raw tag data interface FSM that fetches tag data 
from DRAM, two symbol-at-a-time GF(2 4 ) Reed-Solomon encoders, an encoded data interface and a state 
machine for controllmg the encoding process. It also contains a tagData register that needs to be set up to 
hold the fixed tag data for the page. 

The type of encoding used depends on the registers TE_encodefixed, TE_dataredun and TE decode2den 
the options being 

• ( 1 5,5) RS coding, where every 5 input symbols are used to produce 1 5 output symbols, so the output is 
3 times the size of the input. This can be performed on fixed and variable tag data. 

• (1 5,7) RS coding, where every 7 input symbols are used to produce 15 output symbols, so for the same 
number of mput symbols, the output is not as large as the (15,5) code (for more details see section 
26.7.6 on page 400). This can be performed on fixed and variable tag data. 

• 2D decoding, where each 2 input bits are used to produce 4 output bits. This can be performed on fixed 
and variable tag data. 

• no coding, where the data is simply passed into the Encoded Data Interface. This can be performed on 
fixed data only. 

Each tag is made up of fixed tag data (i.e. this data is the same for each tag on the page) and variable tag 
data (i.e. different for each. tag on the page). 

ta8 u ^1 i S cf her Stored in DRAM 33 12 °- bits when il is coded < or ™> «>ding is required), 

40-bits when (15,5) coding is required or 56-bits when (15,7) coding is required. Once the fixed tag data 
is coded it is 1 20-bits long. It is then stored in the Encoded Tag Data Interface. 

The variable tag data is stored in the DRAM in uncoded form. When (15,5) coding is required the 120- 
bits stored m DRAM are encoded into 360-bits. When (15,7) coding is required, the 1 12-bits 'stored in 
DRAM are encoded into 240-bits. When 2D decoding is required the 120-bits stored in DRAM are con- 
verted into 240-bits. In each case the encoded bits are stored in the Encoded Tag Data Interface. 
The encoded fixed and variable tag data are eventually used to print the tag. 

The fixed tag data is loaded in once from the DRAM at the start of a page. It is encoded as necessary and 
is then stored in one of the 8xl5-bits registers/RAMs in the Encoded Tag Data Interface. This data remains 
unchanged in the registers/RAMs until the next page is ready to be processed. 

The 120-bits of unencoded variable tag data for each tag is stored in four 32-bit words. The TE re-reads 
the variable tag data, for a particular tag from DRAM, every time it produces that tag. The variable tag 
data FIFO which reads from DRAM has enough space to store 4 tags 
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| 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



RAW TAG DATA INTERFACE 
8*64 



ENCODED TAO DATA INTERFACE 

-Encoded fixed data can be up to 120 bib lone 
-Use 2 button to anow tor 2 s*mjftaneousJy 
READs in one cycle. 

-These stores hold the fixed tag data tor 1 tao 
-Total memory - 120x2 - 240 bits 



WRITE 



TAQ DATA REGISTER fT~A r> ; 




REED SOLOMON/ 
DECODE 2D 



-The requested Lag is READ 
into this 128-bil buffer. 
-This buffer can be updated 
up to 1 63 times/Sne. 
-Each tag wfl be loaded 
at least 125 times. 



-nvn dOtAag 126 (specified) 
-max dots/line • 1600x12.8 = 20460 
-max tags/lino » 20480/126 =* 163 
-max variable data/lag - 1 20 
-max amount o! tag data/line » 120 x 164 
-Spfit the 120 tag data bits into 2x64-bits (8 spare bits) 
-Max memory needed tor 1 fine ol tag data » 2x64x164 . 656x32 
-Divide this in hall to aSow for simultaneous READ/WRITE 
-Once art this data is loaded it will be valid tor at least 1 28 lines 
-From the specification, we must be able to process 2 dotsfcvcle. 
-126 Ones contains 20480x128 - 2580480 dots 
-Therefore the data win be updated at mosi every 1290240 cycles, 
-Total memory - 1 64x2x64 • 20992-bits 
-The store uses 9-bit addressing. Bit-9 indicates which buffer 

KEft!!?, 2*7*? hatf but,ef ha* 1« a «ne in which to be loaded 
i.e. to/ a 1 2.8 inch Itne it has 10240 dots or 5120 cycles 

tor an 8 inch fine it has 6400 dots or 3200 cycles 




-Have to be abie to read one tag* data 
from the Raw Tag Oata Interface, RS 
encode and store it in the Encoded Tag 
Oata Interface in 63 cycles or leas. 



-Encoded variable data can be up to 360 bits long 
♦Use 2 buffers to a/low tor 2 simultaneously 
RE AOs in one cycte. 

-Use 2 buffers to allow for simuitaneousrv 
READ/WRITE 7 
-Total memory - 360x2x2 « 1280 bits 
-Min tag width - 126 dots 

so the fastest that 1 tag can be read - 128/2 » 63 cycles 



Figure 162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from DRAM; 

• the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data Interface - supplies encoded tag data for output- 

• Two 2D decoders. " ' 

Se%T2X™fe eSPeCifiCati ° n ^ PEC1 " ^ TE mU * bC aWe to 0U * ut — « * continuous 
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26.7.4 



Raw tag data interface 

The raw tag data interface (RTDI) provides a simple means of accessing raw tag data in DRAM. The RTDI 
passes tag data into a FIFO where it can be subsequently read as required. The 64-bit output from the 
FIFO can be read directly, with the value of the wr_rd_counter being used to set/reset as the enable signal 
(rtdAvail). The FIFO is clocked out with receipt of an rtdRd signal from the TS FSM 
Figure 163 shows a block diagram of the raw tag data interface. 



DRAM interface 



raw tag data 
Interface 



X — X 



raw tag data 

FIFO 
<8x64-bfts) 



dlu_dataf63:0] 
wrptr 

rtd_frfb_wr_en 

rdptr 

pcik 



rtdbuft64:0] 



17 



rtd state 
machine 



te_finishedband 



fifo_wr_er> 



rtdbuf[63:0) 



(2* rtdbuf data registered in Tag Data Reg) 



pclk 



fifo_wr_en 
diu_td_rvalid 



wrptr j | 

— * 



pel* 



D 



rtd_fifo_wr_en 



rdptr 
► 



rtdrd 



(rtdrd generated In TD FSM) 




rtdrd 



rtdavair 



FN 



wr_rd ..counter 
► 



J 



Figure 163. Raw tag data interface block diagram 



26.7.4.1 RTDI FSM 



The RTDI state machine is responsible for keeping the raw tag FIFO full. The state machine reads the line 
of tag data once for each printline that uses the tag. This means a given line of tag data will be read at least 
1 26 times since the tag height is 126 lines for 2 mm tags. Note that the first line of tag data may be read 
fewer than 126 times since the start of the page may be within a tag. In addition odd and even rows of tags 
may contain different numbers of tags. 
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registers before starting the TE by asserting Go. """'AMO/. numTagsf 

m^Tbg^/ and „ Hm7 ^/y will be the same if *e previous SSLS a* ev« j£EL Sf ^ 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 

idle state:- Stay in the idle state if there is no variable data present. If there is variable data present and 

rrZ^Tn 13 aSSlgn f d nUmber ° f t3gS in 3 ww/bdd line which on the value of rSer 

rtd agsense. Down-counter county is assigned the number of dot lines hish a tat will hTf^L l^ f 
ha! y « must be set value as the TE may be be^een^s^eTpa^^ 

mal tag generahon cou/ny will take the value of tagmaxline register. P g) ' ^ 

RFO^™*; The H . di "- ac " SS K State wil1 generate a request to the DRAM if there are at least 4 spaces in the 
o7£nFl^ 

S SL" 111515 The counter W_co K „r controls this signal, (wil, mvolv^lfSSn to tS£ 
P^X^lt^S^ ^ *" ^ DRAM ^ ^ a «« » first 128 bits and 

^{riTt '*!£* COntr ° 1S * e addressi "8 t0 th * DRAM. Counters countx and co U «ry are used to moni 
tor whether the TE :s processing a line of dots within a row of tags. When countx is ztroTt nSans aTl ^ 

£?• . f S I 0 " ^ C T Plete ' When C ° Unty is zero if means *e TE is on the last line rfdoSfSSJ c Y 
scahng)_for tins row of**. When a row of tags is complete the sense of rtdZgsZl i SfiSfSJ 
thel B A -^'^ .s compared to the Hjadafiagdata address. If ravtag^^enTL^a 
the doneband s.gmd ,s set, finlshedband signal is pulsed, and the FSM enter! the 
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diu^data read as above in the case where diu_td_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr ~ endqftagdata 



variabferiatapresent = Q 



J3C 



IDLE 



I ^ 



3 



gp==1.ANPwr rd counter < 15 



end of 
burst 



DIU_ACCESS 



2) 



dru td rack = 1 



FIFO LOAD 



v 



dopebarirj == 1 



doneband ~ Q 



address 
increasing 



Figure 164. RTDI State Flow Diagram 



DRAM addresses 





band N> 1 



cdu_startofband store 



TE_endoftagdata (for band N) 



TE_endoftagdata (for band N+1) 
cdu_e ndofbandsto re 



Figure 165. Relationship between TE_endoftagdata, cdu_startofbandstore and 

cdu_endofbandstore 
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26.7.5 TDI state machine 



The tag data state machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag encoder. 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits if dataRedun « 0, and 56 bits if dataRedun = 1. If encodeFixed is clear, then the lower 120 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded. 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 15 symbols. Thus, when dataRedun = 
0, the 5 symbols derived from bits 0-19 are written to symbols 0-4, and the redundancy symbols are writ- 
ten to symbols 5-14. When dataRedun - 1, the 7 symbols derived from bits 0-27 are written to symbols 0- 
6, and the redundancy symbols are written to symbols 7-14. 

When encodeFixed is clear, the 120 bits of fixed data is copied directly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An explanation of the states follows. 



encogftflXPri 1 ANQ flatta&ffl — ft A M D tteccxtegdsn =- 1 
encodefixed — 1 AND rtatartvmn l^gTrt^ort*?^ — t 



^\ AND dtmfffixftrt~n 

Ixgd = 1 AND datarndun ~ o and n ^ B gd P n — o 
ejTCPdsfiXfrt — 1 ANrTnSte-tt^n^ 1 AND d*c:n<lP?ri*n -.. n 
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Figure 166. TDi State Flow Diagram 

idle> In the idle state wait for the tag encoder go signal - top_£o = 1. The first task is to either store or 
encode the Fixed data. Once the Fixed data is stored or encoded/stored the donefixed flag is set. If there is 
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no variable data the FSM returns to the idle state hence the reason to check the donefixed flag before 
advancing i.e. only store/encode the fixed data once. 

J* i the : fixed.data state the FSM must decode whether to directly store the fixed data in the 
ETDi or if the fixed data needs to be cither (1 5:5) (40-bits) or (15:7) (56-bits) RS encoded or 2D decoded 
The values stored in registers encodefixed and dataredun and decode2den determine what the next state 
should be. 

bypass _to_etdi> The bypass_to_etdi takes 120-bits of fixed data(pre-encoded) from the tag_data(127 0) 
regtster and stores it in the 15*8 (by 2 for simultaneous reads) buffers. The data is passed from me 
tfS data register through 3 levels of muxing (level!, Ievel2, leveB) where it enters the RS0/RS1 encoders 
(which are now in a straight through mode (i.e. control^ and control_7 are zero hence the data passes 
straight from the input to the output). The MSBs of the etd_wr_adr must be high to store this data as code- 
words 6,7. 

etd_buf_switch.- This state is used to set the tdvalid signal and pulse the etd_adv tag signal which in turn 
is used to switch the read write sense of the ETDi buffers (wrsbO). Thefirsttime Signal is used to identify 
the first time a tag is encoded. If zero it means read the tag data from the RTDi FIFO and encode Once 
encoded and stored the FSM returns to this state where it evaluates the sense of tdvalid. First time around 
1 "Si w Zer ° S ° SCtS UhaiU and retUmS to rcadta 8date state to fill the 2nd ETDi buffer. After this 
the FSM returns to this state and waits for the lastdotintag signal to arrive. In between tags when the last- 
donngtag signal is received the etd_adv_tag is pulsed and the FSM goes to the readtagdata state. However 
if the lastdotintag signal arrives at the end of a line there is an extra 1 cycle delay introduced in generating 
the etd_adv_tag pulse (via etd_adv_tag_endofline) due to the pipelining in the TFS. This allows all the 
previous tag to be read from the correct buffer and seamless transfer to the other buffer for the next line. 
readtagdata:- The readtagdata state waits to receive a rtdavail signal from the raw tag data interface which 
indicates there is raw tag data available. The tagjtata register is 128-bits so it takes 2 pulses of the rtdrd 
signal to get the 2*64-bits into the tag_data register. If the rtdavail signal is set rtdrd is pulsed for 1 cycle 
and the FSM steps onto the loadtagdata state. Initially the fagfirst64bits will be zero. The 64-bits of rtd 
are assigned to the tag_data[63:0J and the flag first64bits is set to indicate the first raw tag data read is 
w I &Cn StepS back to 016 rMd -*S**a state where it generates the second rtdrd pulse 

The FSM then steps onto the loadtagdata state for where the second 64-bits of rawtag data are assigned to 
tag_data[l 28:64]. 6 ^ u 

loadtagdata,- The loadtagdata state writes the raw tag data into the.tag_data register from the RTDi FIFO 
lhejirst64bits flag is reset to zero as the tag_data register now contains 120/1 12 bits of variable data A 
decode of whether to (15:5) or (15:7) RS encode or 2D decode this data decides the next state. 

Z-^Z?'?^ rs - 15 - 5 (Reed So,omon (15:5) mode) state either encodes 40-bit Fixed data or 120-bit 
Variable data and provides the encoded tag data write address and write enable ( e td_wr_adr and etdwe 
respectively). Once the fixed tag data is encoded the donefixedSzg is set as this only needs to be done once 
per page. The vanabledatapresent register is then polled to see if there is variable data in the tags If there 
is variable data present then this data must be read from the RTDi and loaded into the tag_data register 
Else die tdvalid flag must be set and FSM returns to the idle state. control_5 is a control bit for the RS 
Encoder and controls feedforward and feedback muxes that enable (1 5:5) encoding. 
The rs_15.5 state also generates the control signals for passing 120-bits of variable tag data to the RS 
encoder in 4-bit symbols per clock cycle. rs_counter is used both to control the levell.mux and act as the 
1 5-cycIe counter of the RS Encoder. This logic cycles for a total of 3* 15 cycles to encode the 120-bits. 

rs 15^7:- The rs_l 5_7 state is similar to the rs_l 5_5 state except the level l_mux has to select 7 4-bit sym- 
bols instead of 5. 

f^S- 2< '- 7 ur 5 / eC< '*- 2</ - /5 - 7: " 7116 decode - 2d «ates provides the control signals for passing the 
120-bit variable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 
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decoder are combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDL 

As can be seen from Figure 161 on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels i-2 are controlled by level l__mux and level2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers {etd__wr_adr) 

Figures 1 67 through 1 72 illustrate the mappings used to store the encoded fixed and variable tag data in the 
ETDI buffers. c 
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Figure 167. Mapping of the tag data to codewords 0-7 



/ 2E 


P59 P49 


/I 20 


P58 P48 


// 20 


PS7 P47 


/I 28 


PS6 P46 


ft / 2A 


P55 P45 


\/ 29 


P54 P44 


A 28 


PS3 P43 


y \ 27 


PS2 P42 


W 26 


PSI P41 


\\ 25 


P50 P40 


\\ 24 


^29 °24 


\\ 23 


<*28 d23 


u 22 


d 27 d 22 


^ 21 


d 2fl d 21 


20 


d 2S d20 


codeword 5 J j 

codeword 4 ' 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 395 



SoPEC : Hardware Design 



Sh 



TE_tagdata(l 1 



d*<h<h d. 



dgdad? d 5 



?d, d 



'1 «o 



Pt9PisPt7 PisPtsPu Pi3Pi 2 Pii Pio^de^derfs 



do to d9 are encoded and stored 
during cycles N to N+14 



wradr(5;0) 




P19P9 




PiePe 


s 


P17P7 




PieP« 




P15P5 




Pl4 P4 




P13P3 




P12P2 




Ptl Pi 




PlOPO 


M 


d9d 4 




d«d 3 




<*7*2 




d 6 d, 




*5<*0 


codeword 7 J j 

codeword 6 ' 



coaewora o 1 

Figure 168. Coding and mapping of uncoded Fixed Tag Data for (15,5) RS encoder 



wradr(5:0) 



TE_tagdata(1 19:0) 



do to 029 are stored 
during cycles N to N+14 




3E 




3D 


d 28 <*23 


3C 


^27 d 22 


38 




3A 


d 25 d 2 Q 


39 




38 


d t8 d 13 


37 


d, 7 d t 2 


36 


d 1« o*n 


35 


d 15 d 10 


34 


d 9 d 4 


33 


d 8 d 3 


32 


d 7 d 2 


31 




30 


d 5 d 0 


rd 6 1 



Figure 169. Mapping of pre-coded Fixed Tag Data 
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Figure 170. Coding and mapping of Variable Tag Data for (15,7) RS encoder 
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TEjagdata(111:0) 
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d| 3 d 12 dj, d l0 d9 d a dy 



dO to d 1 3 are encoded and stored 
during cycfes N to N+14 
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codeword 6 ■ 



Figure 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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Figure 172. Mappfng of 2D decoded Variable Tag Data 
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26.7.6 Reed Solomon (RS) Encoder 

26.7.7 Introduction 



Only one type of RS coder is used at any particular time The R<; ™,w 

registers TE_dataredun and TE_decode2denT * USed * determ » le d »>y the 

• TE_dataredun = 0 and TE_decode2den - 0, then use the (1 5,5) RS coder 

• TE_dataredun = 1 and TE_decode2den - 0, then use the (1 5,7) RS coder 

HESS 

A simple block diagram can be seen in. 



1 2 *1 k 



RS (n,k) encoder 
symbol size m=4 



1 2 n-1 n 

::-p^uuiu^i3U| 



Figure 173. Simple block diagram for an m=4 Reed Solomon Encoder 

26.7.8 I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



26.7.9 



pdk 



rs_data_in(3;0) 



enable 



TE_dataredun 



Reed Solomon Encoder 



re_data_out j3;Q] 



Figure 174. RS Encoder I/O diagram 

Proposed implementation 

In the case of the TE, (15,5) and (15,7) codes are to be used with 4-bits per symbol. 

The primitive polynomial is p(x) = x 4 + x + 1 

In the case of the (1 5,5) code, this gives a generator polynomial of 

g(x) - fr + a)(x+a 2 )(x+a 3 Xx+a 4 )(x + a 5 )(x + a 6 )(x + a 7 Xx +a 8 )(x+a')(x + a , °) 
g(x) = x'° + a V + a 3 x 8 + aV + aV + a 1 V + a V + ax 3 + a 6 x 2 + ^ + a io 

g(x) = x'O + g 9 x« + g 8 x« + g 7 x' + g^ + gjX 5 + ^4 + gjX 3 + g2X 2 + ^ + ^ 
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In the case of the (15,7) code, this gives a generator polynomial of 

h(x) - (x+aXx+a^Cx+a^x+a^x+a^Cx+a^Cx+a^Cx+a 8 ) 
h(x) = x 8 + a 14 x 7 + aV + aV + a 2 x 4 + a ! V + a 5 x 2 + a 1 'x + a 6 
h(x) = x 8 + h 7 x 7 + hgx 6 + h 5 x 5 + h4X 4 + h 3 x 3 + h 2 x 2 + hjX + ho 

The output code words are produced by dividing the generator polynomial into a polynomial made 
from the input symbols. 

This division is accomplished using the circuit shown in Figure 175. 

eontfol_7 





Figure 175. (15,5) & (15,7) RS Encoder block diagram 

The data in the circuit are Galois Field elements so addition and multiplication are performed using special 
circuitry. These are explained in the next sections. 

The RS coder can operate either in (15,5) or (15,7) mode. The selection is made by the registers 
TE_daiaredun and TE_decode2den. 

When operating in (15,5) mode control_7 is always zero and when operating in (15,7) mode contrvl_5 is 
always zero. 

Firstly consider (15,5) mode i.e. TE^dataredun is set to zero. 
For each new set of 5 input symbols, processing is as follows; 

The 4-bits of the first symbol d Q are fed to the input port rsjdataJnQ.O) and controLS is set to 0 mux2 is 
set so as to use the output as feedback, controls is zero so mux4 selects the input (rs^datajn) as the out- 
put (rs data-out) Once the data has settled (« 1 cycle), the shift registers are clocked. The next symbol 
dj is then applied to the input, and again after the data has settled the shift registers are clocked again This 
is repeated for the next 3 symbols d 2 , d 3 and d 4 . As a result, the first 5 outputs are the same as the inputs 
After 5 cycles, the shift registers now contain the next 10 required outputs, control^ is set to 1 for the next 
10 cycles so that zeros are fed back by mux2 and the shift register values are fed to the output by mux3 
and m ux4 by simply clocking the registers. 
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A timing diagram is shown below, 
i r i i 




Figure 176. (15,5) RS Encoder timing diagram 

Secondly consider (1 5,7) mode i.e. TEJiataredun is set to one. 

In this case processing is similar to above except that control J stays low while 7 symbols (d 0 d t dA 
are fed in. As well as being fed back into the circuit, these symbols are fed to the output After these 7 
cycles, controU is set to 1 and the contents of the shift registers axe fed to the output. 
A timing diagram is shown below. 



elk 

rs_data_fnJ3:0J 
rs_data_out[3:0| 
rs_countar 

TE_dataredun "j j [ 
comrol_5 1 | I 

control_7 




Figure 177. (15,7) RS Encoder timing diagram 

The enable signal can be used to start/reset the counter and the shift registers. 

The RS encoders can be designed so that encoding starts on a rising enable edge. After 15 symbols have 
been output, the encoder stops until a rising enable edge is detected As a result there will be a delav 
between each codeword. 7 

Alternatively, once the enable goes high the shift registers are reset and encoding will proceed until it is 
told to stop. rs_datajn must be supplied at the correct time. Using this method, data can be continuously 
output at a rate of 1 symbol per cycle, even over a few codewords. 

Alternatively, the RS encoder can request data as it requires. 

The performance criterion that must be met is that the following must be carried out within 63 cycles 

• load one tag's raw data into TEjtagdata 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 

!w> T e u f f e T ^ at ^ Start ° f 3 page ' there is no definite Performance criterion except 

that it should be encoded and stored as fast as possible. 
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26.7.10 Galois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set. 

The TE uses RS encoding over the Galois Field GF(2 4 ). There are 2 4 elements in GF(2 4 ) and they are gen- 
erated using the primitive polynomial p(x) = x 4 + x + 1 . 

The 16 elements of GF(2 4 ) can be represented in a number of different ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representation. 



Table 129. GF(2 4 ) representations 







^^^^^^^^^^ 
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0 


(0 0 0 0) 


1 


1 


(1 00 0) 


a 


X 


(0 10 0) 


cc 2 


X 2 


(0 0 10) 


a 3 


X 3 


(0 0 0 1) 


a 4 


1 +x 


(110 0) 


a 5 


x + x 2 


(0 110) 


a 8 


x 2 +x 3 


(0 011) j 


a 7 


1+X + x 3 


(110 1) 


a 8 


1 +X 2 


(10 10) 


a 9 


X + X 3 


(0 10 1) 


a 10 


1 +X + X 2 


(1110) 


a" 


x+x 2 + x 3 


(0 111) 


a 12 


1 +x + x 2 + x 3 


(1111) 


a' 3 


1 +x 2 + x 3 


(10 11) 


a u 


1 +x 3 


(10 0 1) 



26.7,1 1 Multiplication of GF{2 4 ) elements 

The multiplication of two field elements cc a and cc b is defined as 

Thus 

a ! .a 2 = a 3 
a s a io = a i5 

a 6 .a ,2 = a 3 

So if we have the elements in exponential form, multiplication is simply a matter of modulo 1 5 addition. 
If the elements are in polynomial/tuple form, the polynomials must be multiplied and reduced mod x 4 + x 



Suppose we wish to multiply the two field elements in GF(2 4 ): 



a a - a 3 x 3 + a 2 x 2 +■ a,x J + ap 
a b = b 3 x 3 +b 2 x 2 + b I x l +b 0 
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where aj, bj are in the field (0,1) (i.e. modulo 2 arithmetic) 
Multiplying these out and using x 4 + x+l=0we get: 

a a+b = [(aob3 + a^ + a^ + a 3 b 0 ) + a 3 b 3 ]x 3 

+ K*o b 2 + a i b i + a 2 b o) + a 3 b 3 + + a 2 b 3 )]x 2 
+ [(aobi + ajb 0 ) + (a 3 b 2 + a 2 b 3 ) + (ajbj + a 2 b 2 + a 3 b,)]x 
+ [(^0 + a i*>3 + a 2 b 2 + a 3 b,)] 
a a+b = [ao^ + ai b 2 + a 2 b! + a 3 (b 0 + b 3 )]x 3 

+ [aob 2 + ajbj + a 2 (b 0 + b 3 ) + a 3 (b 2 + b 3 ) ]x 2 
+ [aob, + aj(b 0 + b 3 ) + a 2 (b 2 -f b 3 ) + a 3 (b, + b 2 ) ]x 
* + [aob 0 + ajb 3 + a 2 b 2 + a 3 b , ] 

If we wish to multiply an arbitrary field element by a fixed field element we get a more simple form. Sup- 
pose we wish to multiply a b by a 3 . 

In this case a 3 - x 3 so (a0 al a2 a3) = (0 0 0 1). Substituting this into the above equation gives 

a c - (b 0 + b 3 )x 3 + (b 2 + b 3 )x 2 + (bj + b^x + bj 
This can be implemented using simple XOR gates as shown in Figure 178 

b, bo = a» 









1 


▼ 


— N 


; 

f 


1 


; 

T * 



c 3 «2 c, q, - a b * 3 

0 exclusive Oft pate 

Figure 178. Circuit for multiplying by a 3 

26.7.12 Addition of GF{2 4 ) elements 

If the elements are in their polynomial/tuple form, polynomials are simply added. 
Suppose we wish to add the two field elements in GF(2 4 ): 

ct a = a 3 x 3 + a 2 x 2 + ai x + ao 

a b = b 3 x 3 + b 2 x 2 -J-b,x + b 0 
where a^ b { are in the field (0,1) (i.e. modulo 2 arithmetic) 

cc c = a a + a b = (a 3 + b 3 )x 3 + (a 2 + b 2 )x 2 + ( ai + b,)x + (ao + b 0 ) 
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Again this can be implemented using simple XOR gates as shown in Figure 179 

a a »2 *>i a, bo ao 



IT V V 



C2 



exclusive OR gate 



Figure 179. Adding two field elements 



26.7.13 Reed Solomon Implementation 

The designer can decide to create the relevant addition and multiplication circuits and instantiate them 
where necessary. Alternatively the feedback multiplications can be combined as follows. 
Consider the multiplication 



a a .a b = a c 



or in terms of polynomials 

(a 3 x 3 + a 2 x 2 + a,x -t- ao).(b 3 x 3 + b 2 x 2 + b,x + b 0 ) = (c 3 x 3 + c 2 x 2 + c,x + c 0 ) 

If we substitute all of the possible field elements in for a* and express cc c in terms of ct b , we get the table of 
results shown in Table 1 30. 



Table 130. q c multiplied by all field elements, expressed In terms of a b 

____ 




die following signals are required 
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• ( b 0 +b,), (bo+b2). (bo+bj), (b^bj), (b,+b 3 ), (b 2 +b 3 ), 

• (b 0 +bi+b 2 ), (bo+bj+bj), (b 0 +b 2 +b 3 ), (b,+b2+b 3 ). 

• (bo+b^bj+b^ 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output lines labelled 0 1 2 & 3 This labelling 

SEEKS ? 5 ' ° f ? C ^ l ™^-tuple reputation. The mappbg 0 f E? t stnbSf 

from the TEjagdata register into the RS is as follows: symbols 

- the LSB in the TEjagdata is fed into lineO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into Iine2 

- the MSB is fed into line3 

55 3XSS2 £?.S* d tte ^ ls !toi »« *• «— ■. - — » 

- lineO is fed into the LSB (bit 0/4) 

- hnel is fed into the next most significant LSB (bit 1/5) 

- line2 is fed into the next most significant LSB (bit 2/6) 

- Iine3 is fed into the MSB (bit 3/7) 
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Figure 180. RS Encoder Implementation 



4 -\> 



Si, 



rs_data_out(3:0) 
eo.e t ...,e t3 .e 1 4 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 407 



SoPEC : Hardware Design 



J3 



26.7.14 2D Decoder 

The 2D decoder is selected when TE_decode2den - L ft operates on variable tag data only, its function is 
to convert 2-bits into 4-bits according to Table 131. Y Junction is 

Table 131. Operation of 2D decoder 



1 


mm 




00 


000 1 


01 


00 1 0 


1 0 


0 100' 


1 1 


1 000 



26.7.15 Encoded tag data interface 



^r°ct ded w 5* iDterf ^ e C ° mainS eDCOded 6X6(1 ta * ^ store inter ^ ™* an encoded variable 
tag data store interface, as shown in Figure 181. vanaoie 



dataln 



rdAdrO 




advTag 



eid1 



etdO 



Figure 181. encoded tag data interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the correct format. 

Table 132. Reord unit 











mm 




r1 


mm 


A 


select 1 of 8 codewords 
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select 1 of 4 codeword tables 
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mm 
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select 1 of 15 symbols 


mn 
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select 1 of 15 symbols 


E 


MM 
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F 


mm 




G 




G 


C 


select 1 of 8 bits 


MM 


H 


select 1 of 4 bits 


H 


mm 


I 


1 



The encoded fixed data interface is a single 1 5 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fixed data store must be capable of decoding two simultaneous reads in a 
single cycle.Figure i 82 shows the implementation of the fixed data store. 



rdAdrO 



wrAdr ' 



eftwe 



datalnj 



r dAdn 



3jto bits) 



encoded fixed tag data Interface 



4 



4 (hi bits) 



adf. 



dataln. 



(15x8 bit) 



41hibte) \ ^> 

/ — ► o) 



(15x8 bit) 



3 (to bets) 



8 f T 1 



-> outO 



-> out1 



Figure 182. encoded fixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x 1 5 x 8-bit RAM with 2 read ports and 1 
write port. The double buffering allows one tag's data to be read (two reads in a single cycle) while the 
next tag's variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting I of 3, and 
4 bits of address for selecting 1 of 1 5. Read addressing is the same with the addition of 3 more address bits 
for selecting 1 of 8. 

Figure 183 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each time an AdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a 1-bit flag called wrsbO. Although the initial 
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tssstzsr- " inven upon ~* ° f - ■" kT ^"- * — <*— 
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sub buffer 0 
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tag data 
sub buffer 1 



Figure 183. Encoded variable tag data interface 
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Figure 184. Encoded variable tag data sub-buffer 
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26.8 Tag Format Structure (TFS) Interface 



26.8.1 Introduction 



The TFS specifies the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 185). 

For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently, for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows the next tag line structure to be fetched from the TFS in DRAM while the existing tag line structure 
is used to render the current tag line. 

The TFS interface is responsible for loading the appropriate line of the tag format structure as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 



31 



TE_tfsstartadrf 



Tag Format Structure' 
for tag X 



The number of dot Unes 

In a Tag « n+1 

I.e. TagHeight = rw-1 



TE^tfsendadr 



TLS X_0 



TLS X_1 



TLSX_2 



TLS X n 



TLS X+1_0 



TLSX+1 1 



TLS X+1_2 



TLS X+1_n 



Table A 

24 x 32-bits=768-tHts 
{384 entries x 2-toits) 



Table B 

9 X 32-blts=288-bits 
f32 entries x 9-taitsl 



^0 9 10- 



23 
24 



32 



33 



•31 



Table C 
10-bits 

(2 entries x 5-blts) 



22 -bits reserved and unused 



Figure 185. Breakdown of the Tag Format Structure 

There is a TLS for every dot line of a tag. 

All tags that are on the same line have the exact same TLS. 

A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS. 

The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 

line of dots that are outputted to the Tag Plane Line Buffers. 

Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256-bit DRAM read. 



26.8.2 I/O Specification 



Table 133. Tag Format Structure Interface Port Ust 





111 


mk *m 


MM&% mm 


pclk 


In 


SoPEC system clock 


prst_n 


In 


Active-low, synchronous reset in pclk domain 
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Table 133. Tag Format Structure Interface Port List 
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26.8.2.1 State machine 



The state machine is responsible for generating control signals for the various TFS table units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle:- Wait for top_go to become active. Pulse advjfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(wrta0). 

diu_access> In the diu.access state a request is sent to the DIU. Once an ack signal is received Table A 
write enable is asserted and the FSM moves to the tlsjoad state. 

tlsjoad:- The DRAM access is a burst of 5 256-bit accesses, ultimately returned by the DIU as 
5*(4*64bit) words. There will be 192 padded bits in the last 256-bit DRAM word. The first 12 64-bit 
words reads are for Table A, words 1 2 to 1 5 and some of 1 6 are for Table B while part of read 1 6 data is for 
Table C. The counter readjnum is used to identify which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the tls^update state hence tbwe does not become active until 
read_num = 16). 

• The DIU data goes directly into Table A (12 ♦ 64). 

• The DIU data for Table B is loaded into a 288-bit register. 

• The DIU data goes directly into Table C. 

tls_update> The 288-bits in Table B need to written to a 32*9 buffer. The tls_update state takes care of this 
using the readjnum counter. 

tls^nexn- This state checks the logic level of tfsvalid and switches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjfsjine pulse). The reason for switching Table A a cycle early is 
to make sure the topjevei address via tagdotnum is pointing to the correct buffer. Keep in mind the 
topjevel is working a cycle ahead of Table A and 2 cycles ahead of Table B. 

If tfs Valid is 1, the state machine waits until the advTagLine signal is received. When it is received, the 
state machine pulses advTFSLine (to switch read/write sense in tables A, B, C), and starts reading the next 
line of the TFS from currTFSAdr. 

If tfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A, B, C) and then 
jumps to the tls_tfsvalid_set state where the signal tfsValid is set to 1 (allowing the tag encoder to start, or 
to continue if it had been stalled). The state machine can then start reading the next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:- Simply sets the tfsvalid signal and returns the FSM to the diu_access state. 

If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above. 
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The TFS state flow diagram is shown in below.. 



tODOO^fl 



^ idle ^ 



tfsvalfd = \ 

tOD advtaqling ] 



diu_access ^ 



^ tlsjoad ^ 



read p Wm ^— Iff 



^ t/s^update 



Ififld_J!UIIl3=_ai 



^ tfsjext ^ 



tfs valid « Q 



(. — ¥ 
t)s_tfsvalid_set^ 



Figure 186. TFSI FSM State Flow Diagram 
26.8.3 Generating a tag from Tables A, B and C 
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^SSSSStSSSST kt0 ^ B aDd is followed by 22 mmsd bi,s - 1116 total length of each 

Each output dot value is generated as follows: Each entry in Table A consists of Writs - bitO and bill 
These 2-bits are interpreted according to Table , Table and Table . 



Table 134. Interpretation of bltO from entry In Table A 



mm 


mmmmmmmmm 




u 


me output oit comes dtrectfy from bill (see Table ). 


1 


the output bit comes from a data btt. Bin is used in conjunction with Tag line 
Structure Table 8 to determine which data bit will be output 



Table 135. Interpretation orfaitl from entry In table A when bltO = 0 



mm 




u 


output u ■ 


1 


output 1 



Table 136. Interpretation of bitl fro m entry In table A when bltO = 1 





output data bit pointed to by current index into Table B. 



1 



output data bil pointed to by current index into Table B, and advance index by 1 . 



If bitO -0 then the output dot for this entry is part of the constant background partem. The dot value itself 
comes from bill i.e. if bitl = 0 then the output is 0 and if bitl = 1 then the output is 1. 

If bitO = 1 then the output dot for this entry comes from the variable or fixed tag data. Bitl is used in con- 
juncnon with Tables B and C to determine data bits to use. 

To understand the interpretation of bitl when bitO = 1 we need to know what is stored in Table B Table B 
contains the addresses of all the data bits that are used in the particular line of a tag in order of appearance 
Therefore, up to 32 different data bits can appear in a line of a tag. The address of the first data dot in a tag 
w, be given by the address stored in entry 0 of Table B. As we advance along the various data dots we 
will advance through the various Table B entries. 

Each Table B entry is 9-bits long and each points to a specific variable or fixed data bit for the tag Each 
tag contains a maximum of 120 fixed and 360 variable data bits, for a total of 480 data bits To aid 
f ht eS da? Besses are based on the RS encoded tag data. Table lists the interpretation of the 



Table 137. Interpretation of 9-blt tag data address In Table B 



HSBH 


mmmmm 




mmmm- 


CodeWordSelect 


Select t of 8 codewords. 

Codewords 0. 1 , 2. 3, 4, 5 are variable data. 

Codewords 6, 7 are fixed data. 
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Table 137. Interpretation of 9-blt tag data address In Table B 



*gjf SymbolSelect 




BHSelect 



Select 1 of 15 symbols (1111 Invalid) 



Select 1 of 4 bits from the selected symbols 



If the fixed data is supplied to the TE in an unencoded form, the symbols derived from codeword 0 of fixed 
data are wntten to codeword 6 and the symbols derived from fixed data codeword 1 are written to c7de 
word 7 The data symbols are stored first and then the remaining redundancy symbols adored Ser- 
wards, for a total of 5 symbols. Thus, when 5 data symbols are used, the 5 symbo^ed from 7ts 0 19 
are wntten to symbols 0-4, and the redundancy symbols are written to symbols 5-14. When 7 Z syTbols 

w^o^ 

However, if the fixed data is supplied to the TE in a pre-encoded form, the encoding could theoretically be 
anytmng. Consequently the .20 bits of fixed data is copied to codewords 6 and 7 as shown* TaS 

AZm^aL " X !?l a . ta t0 oodeword/s Y mb ols no redundancy encoding 









0-19 


0-4 


6 


20-39 


0-4 


7 


! 40-59 


5-9 


6 


60-79 


5-9 


7 


80-99 


10-14 


6 


100-119 


10-14 


7 



It is important to note that the interpretation of bill from Table A (when bitO - 1) is relative A 5-bit index 

s'tTat the C fit Trt thC ^ addl T " TablB ^ SinCe thC ** ^ 00 3 P-**» >2 may or ma "not 
start a the first dot m the tag. an uuftal value for the index into Table B is needed. Subsequent tags on the 

bXre Z " ■ 7 Y l S T ■? ° f °' md "V ta * « *e end of a line 5 

^2«°fT C 8 ^rTu ^l?^ ^ initiaJ bdeX due t0 *>* rend ^g of a partial tag at 

™Sf I , ? SUPP by Tab ' e C ^ initiaI index wiI1 be "V™* f ° r TLS and Lre are l»o 
posstble m.fcal tndexes smce there are effectively two types of rows of tags in terms of initial offset 

It' 6 ^T* 65 ¥ appr °P riate start index int ° Table B (2 5-bit indices). When rendering even rows of 
tags entry 0 ,s used as the unhal index into Table B. and when rendering odd rows of tags ern^y i Tmed 

mV r Slndex T of * "~ - * * " — d — n'^ 
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26.8.4 Architecture 

A block diagram of the Tag Format Structure Interface can be seen in Figure 187. 

TFS Interface 



tagOotNum 



data In 



readAdr 



control 



tfsValJd 



tagAitSense 



ia stDotlnTag 



advTagLine 



64 



17 



stats 
machine 



taRdAdr 



table A 
interface 



J9< >rts32-41^ 



2ta£ven y'ZtiOdd 



table C 
interface 



/ 5 
<2 

^ tbwe 



Jt i ± 



■ tcwe 



table B 
interface 



Figure 187. TFS Block Diagram 



-►taOdd 



-►taEven 



_dotsPo$VaIld 



.etdRdAdrt) 



fc eldRdAdrl 
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26.8.4. 1 Table A interface 



The implementation of table A is two 16 x 64-bit RAMs with a small amrmnt «f ^ 1 1 • 

Figuxe 188 While one RAM is read from for the c3r K ^^ ^£^7 * 
ous table A enmes),_the ofcer RAM is being written to with the next lin7s tab* A 2£3X at a S 



advTFSLIna_ 
tawg_ 



taRdAdr 



data In 



64 



AdrGen 



Table A 
Interface 



adx_ 

dataln 



16x64-bfts 
table A (0) 



* 0 64 



V 



adr 



dataln 



16x64-brts 
table A (1) 



if 




TO 



ta_doi0_l cycle later 
t*.dot]_lcyclelater 



2 (bits 1&0) taEven 
— ► 

2jbits 3&2) taQ dd 



Note:- 



Figure 188. Table A interface block diagram 

^^L^Z^I^^J^'^ bc P- ed .*«» *■ *>pjeve, 2 cycles after 



the 



read of Table A due ,o the 2-stage pipelining in the TPS from registering Table A and Table B outn, 

hence this extra registering stage for the generation of ttutotOJcyddmep'^toS^^T^ 
Each time an AdvTFSLine pulse is received, the sense of which RAM is beine read from or written » 
changes. This is accomplished by a 1-bit flag calied W rtaO. Although the incite of trZ i KS£ 
,t must mvert upon receipt of an AdvTFSLine pulse. A 4-bit counter called ra^LTkeeps Te S 

ThtSwtable A !S" aftCr ^ ° f ^ (SpCCified * ** ^^S^iS 

The wvve (table A wnte enable) mput .s set whenever the data in is to be written to table A The taWrAdr 

^Zr^ZTX^^ ^ - h - — - Address generation fo^to 



edvTFSLine • 



wrtaO 
(1 bit) 



table A 
address gen 



taWrAdr 
(4 bits) 



wrtaO 



taWrAdr 



Figure 189. Table A address generator 
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26.8.4.2 Table C Interface 

A block diagram of the table C interface is shown below in Figure 190. 



tewe 



dataln 



JastDoltnTag 



r 10 



table C 
(10 bits) 



tagAttSense 



10 



advTFSUne 



dotPosValid 



{n0 



Inl 



2 ,'2 



AdfGen 



adr (5 bits) 



5 



iab!»C 
Interface 



fcRdAdrl 
► 



tbRdAd/O 
► 



Figure 190. Table C interface block diagram 

The address generator for table C contains a 5 bit address register adr that is set to a new address at the 
start of processing the tag (either of the two table C initial values based on tagAltSense at the start of the 
line, and 0 for subsequent tags on the same line). Each cycle two addresses into table B are generated 
based on the two 2-bit inputs (inO and in J). As shown inSection 139, the output address tbRdAdrO is 
always adr and tbRdAdrl is one of adr and adr+1, and at the end of the cycle adr takes on one of adr, 
adr+1 y and adr+2. 



Table 139. AdrGen lookup table 













00 


00 


X 1 


X 


adr 


00 


01 


X 


adr 


adr 


00 


10 


X 


X 


adr 


00 


11 


X 


adr 


adr+1 


01 


00 


adr 


X 


adr 


01 


' 01 


adr 


adr 


adr 


01 


10 


adr 


X 


adr 


01 


11 


adr 


adr 


adr+1 


10 


00 


X 


X 


adr 


10 


01 


X 


adr 


adr 


10 


10 


X | 


X 


adr 


10 


11 


X 


adr 


adr+1 


11 


00 


adr 


X 


adr+1 


11 


01 


adr 


adr+1 


adr+1 


11 


10 


adr 


X 


adr+i 


11 


11 


adr 


adr+1 


adr+2 
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1, X = don't care state. 



26.8.4.3 Table B interface 



The table B interface implementation generates two encoded tag data addresses (tfsi odrO tfin 

££? 9 r B ** addresses mdAdr0t tbRdAdriy A block ^*Bt!'S 



tbRdAdrOi 



tbRdAcfii ( 



tbwe 



advTFSUnei 
read_num 1 



(from TFSF^M) 



dataln 1 



pcfk 



64 



tbwradr 



AdrGen 



288-bit 
table B 
temp reg 




tsbwe 



wRECT 



310 



3D 



"3D 



3s adrl ^ 
dataln, 



32 x9-bits 
table subB (0) 



we 



adrt 



9 



dataln . 



32 x 9-bits 
table subB (1) 



_adiO 
— ► 




table B 
Interface 



Figure 191. Table B interface block diagram 

IT^tX? T* U ? l0 /? i im °rt e 288 " blt tablG B temp ° rar > re * ister via to TFS FSM. Once all 288- 

Each timean AdvTFSLine pulse is received, the sense of which sub buffer is being read from or written to 

" aCC ° mpIl f ^ hy Z l £Lf* CaJled M M ^ *" ™ of J5> h Levant 

it must invert upon receipt of an AdvTFSLine pulse. 

1 Note:- The output addresses from Table B are registered. 
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27 Tag FIFO Unit (TFU) 



27.1 Overview 

The Tag FIFO Unit (TFU) provides the means by which data is transferred between the Tag Encoder (TE) 
and the HCU. By abstracting the buffering mechanism and controls from both units, the interface is clean 
between the data user and the data generator. 

The TFU is a simple FIFO interface to the HCU. The Tag Encoder will provide support for arbitrary Y 
integer scaling up to 1600 dpi. X integer scaling of the tag dot data is performed at the output of the FIFO 
in the TFU. There is feedback to the TE from the TFU to allow stalling of the TE during a line. The TE 
interfaces to the TFU with a data width of 8 bits. The TFU interfaces to the HCU with a data width of 1 bit. 
The depth of the TFU FIFO is chosen as 16 bytes so that the FIFO can store a single 1 26 dot tag. 

27.1 .1 Interfaces between TE, TFU and HCU 



TE 



te_tfu_wdata 



t8_tfu_wdata -a I id 



tfu_te_oktow 
< 



te_Jfu_wradv in© 



TFU 



8 



FIFO 



hcu tfi 
A 


_advdot 




_tdata 


tfu_hci 


_avail 









HCU 



Figure 192. Interfaces between TE, TFU and HCU 

27.1.1.1 TE-TFU Interface 

The interface from the TE to the TFU comprises the following signals: 

• te_tfu_wdata t 8 -bit write data. 

• tejtfu_wdatavalid t write data valid. 

• te_tju_wradvline t accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal: 

• tfu_te_pktowrite t indicating to the TE that there is space available in the TFU FIFO. 

The TE writes data to the TFU FIFO as long as the TFU's tfujie^oktowrite output bit is set. The TE write 
will not occur unless data is accompanied by a data valid signal. 

27.1.1.2 TFU-HCU Interface 

The interface from the TFU to the HCU comprises the following signals: 

• tfuj\cu_tdata f l -bit data. 

• tfujicu^avail, data valid signal indicating that there is data available in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal- 
• hcu_tfii_ready, indicating to the TFU to supply the next dot. 



J3 



27.1.1.2.1 X scaling 



wXiUrt^^^t^Z^ ° f *** iD X 10 convcrt the ^ °«P« to 

^io^^ 

TFU. The dot will ultimately be sealed-u .correctly IS^hSt^Sf^T' " ^ 
lead-out and the other on its lead in. 8 part ° f the scalm S> one on 

anydotsin^lastbyte^donoi^ 
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27.2 Definitions of I/O 



Table 140. TFU Port Ust 



MmmmmE 




m 




Clocks and Resets 


pdk 


1 


In 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


PCU Interface data and control signals 


pcu_addfI3;2] 


2 


In 


PCU address bus. Only 2 bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


tfu_pcu_datain[31 :0] 


32 


Out 


Read data bus from the TFU to the PCU. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_tfu_sel 


1 


In 


Block select from the PCU. When pcu_tfu__se! is high both 
pcu_addr and pcu__dataout are valid. 


tfu _pcu_rdy 


1 


Out 


Ready signal to the PCU. When tfu_pcu_rxfy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cyde this means the data on tfu _pcu_datain is 
valid. 


TE Interface data and control signals 


te_tfu_wdataJ7:0] 


8 


In 


Write data for TFU FIFO. 


te_tfu_wdatavatid 


1 


In 


Write data valid signal. 


te_tfu_wradv!ine 


1 


In 


Advance line signal strobed when the last byte in a line is 
placed on te_tfu_wdata 


tfu_te_oktowrite 


1 


Out 


Ready signal indicating TFU has space available in it's FIFO 
and is ready to be written to. 


HCU Interface data and control signals 


hcu_tfu_advdot 


1 


In 


Signal indicating to the TFU that the HCU i3 ready to accept 
the next dot of data from TFU. 


tfu_hcu_tdata 


1 


Out 


Data from the TFU FIFO. 


tfu_hcu_avail 


1 


Out 


Signal indicating valid data available from TFU FIFO. 



27.3 Configuration Registers 



Table 141, TFU Configuration Registers 













Control registers 


0x00 


Reset 


1 


1 


A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress. 
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Table 141. TFU Configuration Registers 




0x04 



Go 



see 
text 



Setup registers (constant during processing of page) 



Writing 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted alt counters are 
reset, but configuration registers keep 
their values (i.e. they don't get reset). 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU is running 

(1 = running, 0 = stopped). 



0x08 



OxOC 



XScaie 



XFracScale 



0x10 



0x14 



TEByteCount 



HCUDotCount 



12 



15 



Tag scale factor in X direction. 



Tag scale factor in X direction for the first 
dot in a line 



The number of bytes to be accepted from 
the TE per line. Once this number of bytes 
have been received subsequent bytes are 
ignored until there is a strobe on the 
te_tfu_ wradvline 



The number of (optionally) x-scaled dots 
per fine to be suppled to the HCU. Once 
this number has been reached the remain- 
der of the current FIFO byte is ignored. 



27,4 Detailed description 



Z^JZ* *H ° f T 5 B >" eC °r b * cs is read ™ the FIFO. All subsequent bytes are ignored until there 
3 StTObe ° n the "Ufr-vWvtoe signal, whereupon bytes for the next line are stor^ 

ntfdo"^ ifFlVO^I HCUD :T Unt ** "* P ™ * thc ^ 0ncc ^unt is reached any 
^^2SS5S3^^ Pr ° CeSSCd " ign0red F ° r ^ «« *» * *° «* the start 
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The behaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 
below. 

FlfoWrPtr . 



te.tfu.data \ ► 



Figure 193. 16-byte FIFO in TFU 

// Concurrently Executed Code: 

// TE always allowed to write when there's either (a) room or (b) no room and all 
// bytes for that line have been received. 

if <(FifoCntnts l=* FifoMax) OR (FifoCntnts FifoMax and ByteToRx == 0)) then 

tfu_te_oktowrite » 1 
else 

tfu_te_oktowrite = 0 

// Data presented to HCU when there is (a) data in FIFO and (b) the HCU has not 

// received all dots for a line 

if (FifoCntnts !=» 0) AND (BitToTx != 0)then 

t fu_hcu_av« i 1 s 1 
else 

t f u_hcu_ava i 1 = 0 

// Output mux of FIFO data 
tfu_hcu_tdata = Fifo [FifoRdPntj (RdBit] 

// Sequentially Executed Code: 

if (te_tfu_wdatavalid == 1) AND (FifoCntnts I = FifoMax) AND (ByteToRx != 0) then 
Fifo(FifoWrPnt] = te_tfu_wdata 
FifoWrPnt 
FifoContents + + 
ByteToRx — 

if ( te_tfu_wradvline == 1) then 
ByteToRx = TEByteCount 

if (hcu_tfu_advdot == 1 and FifoCntnts != 0) then ( 
BitToTx ++ 

if (RepFrac == 1) then 
RepFrec - Xscale 
if (RdBit = 7) then 

RdBit = 0 

FifoRdPnt +■»■ 

FifoContents — 
else 

RdBit** 

else 

RepFrac -- 
if(BitToTx «= 1) then { 

RepFrac =. XFrac Scale 

RdBit = 0 

FifoRdPnt 

FifoContents-- 

BitToTx = HCUDotCount 

) 



Fife 



\ ► tftj„hcu.tdata 



RdBit 



- FifoRdPtr 
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™LT *™L tt * C f3Ct **• Since this is a buffer, both the fifo read and write-point 

ers wrap-around to zero after they reach two. Also not detailed is the fact that if there* ; a^hanTe of hot 
the read and wme-pointer in the same cycle, the fifo contents counter rema^Ta^ * 
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28 Halftoner Compositor Unit (HCU) 

28.1 Overview 

The Halftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including margins). The spot data and tag data are received in bi-level 
form while the pixel contone data received from the CFU must be dithered to a bi-level representation. The 
resultant 6 bi-Ieve! planes for each dot position on the page are then remapped to 6 output planes and out- 
put dot at a time (6 bits) to the next stage in the printing pipeline, namely the dead nozzle compensator 
(DNC). 



28.2 Data flow 

Figure 194 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 
data from the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 bits) is read by the DNC 
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Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to be programmed in between bands or restarted for each band. The HCU will stall appropriately 
if its input buffers are starved. At the end of the page the HCU will continue to produce 0 for all dots as 
long as data is requested by the units further down the pipeline (this allows later units to conveniently flush 
pipelined data). 



The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle. The map- 
ping of 6 calculated bits to 6 output bits for each dot allows for such example mappings as compositing of 
the spotO layer over the appropriate contone layer (typically black), the merging of CMY into K (if K is 
present in the printhead), the splitting of K into CMY dots if there is no K in the printhead, and the gener- 
ation of a fixative output bttstream. 



Doc: SoPEC Jiardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 427 



SoPEC : Hardware Design 




28.3 ORAM STORAGE REQUIREMENTS 

SoPEC allows for a number of different dither matrix configurations up to 256 bytes wide. The dither 
| matrix is stored in DRAM. Using either a single or double-buffer scheme a line of the dither matrix must 

be read in by the HCU over a SoPEC line time, SoPEC must produce 13824 dots per line for A4/Letter 
printing which takes 13824 cycles. 

The following give the storage and bandwidths requirements for some of the possible configurations of the 
dither matrix. 

• 4 Kbyte DRAM storage required for one 64x64 (preferred) byte dither matrix 

• 6.25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 16 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix, 256 bytes are always read from DRAM for each line. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 428 



• 



SoPEC : Hardware Design 



28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 
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Figure 195. Block diagram of the HCU 
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28.4.1 Definition of I/O 



Table 142. HCU port list and description 











Clocks and reset 














pcfk 


1 


In 


System dock. 


prst_n 


1 


In 


System reset, synchronous active low. 


PCU interface 




pcu_hcu_sel 


1 


In 


Block select from the PCU. When pcujicu^sel is high both 
pcu^adrand pcujdataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adrf7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataoul{31:0] 


32 


fn 


Shared write data bus from the PCU. 


hcu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu_pcu„nfy\s high it indicates 
the last cycle of the access. For a write cycle this means 
pcujdataout has been registered by the block and tor a read 
cycle this means the data on hcu_pcv_data is valid. 


hcu_pcu_datal3l :0] 


32 


Out 


Read data bus to the PCU. 


DIU interface — — — 


hcu_diu_rreq 


1 


Out 


HCU read request, active high. A read request must be accom- 
panied by a vafid read address. 


diu_hcu_rack 


1 


In 


Acknowledge from DIU, active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus. hcu diu radr 


hcu_diujadr(21:5) 


17 


Out 


HCU read address. 17 bits wide {256-bit aligned word) 


diu_hcu_rvalid 


1 


fn 


Read data valid, active high. Indicates that valid read data is 
now on the read data bus, diu_data. 


diu_dataJ63:0] 


64 


In 


Read data from DIU. 


CFU interface 


cfu_hcu_avail 


1 


In 


Indicates valid data present on cfu_hcu_c[3-0]data lines. 


cfu_hcu_cOdata[7:0) 


8 


In 


Pixel of data in contone plane 0. 


cfu_hcu_d data[7:0] 


8 


In 


Pixel of data in contone plane 1 . 


cfijJicu_c2data[7:G] 


8 


In 


Pixel of data in contone plane 2. 


cfu_hcu_c3data[7:0] 


8 


In 


Pixel of data in contone plane 3. j 


hcu_cfu_advdot 


1 


Out 


Informs the CFU that the HCU has captured the pixel data on 
cfu_hcu_c(3-0]data lines and the CFU can now place the next 
pixel on the data lines. 


SFU interface 




sfu_hcu_avail 


1 


In 


Indicates valid data present on sfu hcu sdata. 


sfu_hcu_sdata 


1 


In 


Bi-level dot data. 


hcu_sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu_hcu_sdata and the SFU can now place the next dot on the 
data line. 


TFU Interface 




tfu_hcu_avail 


1 


In 


Indicates valid data present on tfu hcu tdata. 1 


tfu_hcu_tdata 


1 


In 


Tag dot data. 
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Table 142. HCU port list and description 









hcu_tfu_advdot 


1 


Out 


Informs the TFU that the HCU has captured the dot data on 
tfujhcu_tdata and the TFU can now place the next dot on the 
data line. 


DNC interface 


dnc_hcu_ready 


1 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avail 


1 


Out 


Indicates valid data present on hcu_dnc_data. 


hcu_dnc_data[5:0] 


6 


Out 


Output bHevel dot data in 6 ink planes. 



28.4.2 Configuration Registers 

The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of hcu_pcu_data. The configuration registers of the HCU are listed in Table 143. 



Table 143. HCU Registers 



3m^dress^{fp 


^ReglS^^a^r?^^ 


111 


S/I^jpnfe 
^Beset^ 




Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the HCU. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted all counters, flags etc. are 
cleared or given their initial value, but configuration 
registers keep their values. 

When Go is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
keep their values. 

The HCU should be started afterXhe CFU, SFU. TFU, 
and DNC. 

This register can be read to determine if the HCU is 
running 

(1 ss running, 0 = stopped). I 


Setup registers (constant for during processing) 


0x10 


AvailMask 


4 


0x0 


Mask used to determine which of the dotgen units etc. 
are to be checked before a dot is generated by the 
HCU within the specified margins for the specified 
color plane. If the specified dotgen unit is stalled, then 
the HCU will also stall. 

See Table 144 for bit allocation and definition. 


0x14 


TMMask 


4 


0x0 


Same as AvailMask, but used in the top margin area 
before the appropriate target page is reached. 


0x18 


PageMarginY 


32 


0x000O_ 
0000 


The first line considered to be off the page. 


0x1 C 


MaxDot 


16 


0x0000 


This Is the maximum dot number - 1 present across a 
page. For example If a page contains 13824 dots, 
then MaxDot will be 13823. 
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Table 143. HCU Registers 



WW 




pgr 






0x20 


TopMargin 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
target page (or contone and spot data. (0 = first 
printed line of page) 


0x24 


BottomMargin 


32 


0x0000_ 
0000 


The first line in the target bottom margin for contone 
and spot data (i.e. first line after target page). 


0x28 


LeftMargin 


16 


0x0000 


The first dot on a fine within the target page for con* 
tone and spot data. 


0x2C 


RightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin for 
contone and spot data. 


0x30 


TagTopMargin 


32 


Ox0000_ 
0000 


The first line on a page to be considered within the 
target page for tag data. (0 = first printed line of page) 


0x34 


TagBottomMargin 


32 


0x0000_ 

oooo 


The first line in the target bottom margin for tag data 
(i.e. first line after target page). 


0x38 


TagLeftMargin 


16 


0x0000 


The first dot on a line within the target page for tag 
data. 


0x3C 


TagRightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin tor 
tag data. 


0x40 


DMReadEnable 


1 


0x0 


1 if a dither matrix is specified 
0 if a dither matrix is not specified. 


0x44 


StartDMAdr 


17 


0x0_ 
0000 


Points to the first 256-bit word of the first line of the 
dither matrix in DRAM. 


0x46 


PnrfDMAHr 

L_f 1 U U (V\7-\L1I 


i f 


0xO_ 
0000 


r*oints to tne last 256-bit word of the last line of the 
dither matrix in DRAM. 


0x4C 


Linelncrement 


5 


0x2 


The number of 256-bit words in DRAM from the start I 
of one line of the dither matrix and the start of the next 
line, i.e. the value by which the DRAM address is 
incremented at the start of a line so that it points to the 
start of the next line of the dither matrix. 


0x50 


DMInitlndexCO 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 0. (f using double-buffer scheme, only 
the 7 Isbs are used. 


0x54 


DMLwrlndexCO 


8 


0x00 * 


Lower index within 256-bvte dither matrix line huff or 
for contone plane 0. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x58 


DMUprlndexCO 


8 


0x3F 


Upper index within 256-byte dither matrix tine buffer 
for contone plane 0. After reading the data at this 
location the index wraps to DMLwrlndexCO. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x5C 


DMfnitlndexCl 


8 


0x00 


Initial index within 256-byte dither matrix line buffer tor 
contone plane 1. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrlndexCl 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 1 . If using double-buffer scheme, 
only the 7 Isbs are used. 


0X64 


DMUprlndexCI 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 1 . After reading the data at this 
location the index wraps to DMLwrlndexCl. If using 
double-buffer scheme, only the 7 Isbs are used. 
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Table 143. HCU Registers 







m 


Hi! 




0x68 


DMInitindexC2 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 2. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x6C 


DMLwrlndexC2 


8 


0x00 


Lower index within 256- byte dither matrix One buffer 
for contone plane 2. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x70 


DMUprlndexC2 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 
location the index wraps to DMLwrlndexC2. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x74 


DMInitlndexC3 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 3. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x78 . 


DMLwrlndexC3 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 3. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x7C 


DMUprlndexC3 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 3. After reading the data at this 
location the index wraps to DMLwrtndexC3. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x80 


DoubleLineBuf 


1 


0x1 


Selects the dither line buffer mode to be single or dou- 
ble buffer. 


0x84 to 0x98 


lOMappingLo 


6x32 


0x0000_ 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingLo repre- 
sents the low order 32 bits. 


0x9C to OxBO 


lOMappingHi 


6x32 


0x0000_ 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingHi represents 
the high order 32 bits. 


0xB4 to OxCO 


cpConstant 


4x8 


0x00 


The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically be 0. 


0xC4 


sConstant 


1 


0x0 


The constant bi-tevel value to output tor spot when 
printing in the margin areas of the page. This value 
•will typically be 0. 


0xC8 


iConstant 


1 


0x0 


The constant bi-level value to output for tag data when 
printing in the margin areas of the page. This value 
will typically be 0. 


OxCC 


DitherConstant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix is not available, i.e. when the signal 
dm_avaii is 0. This value will typically be OxFF so that 
cpConstant can easily be 0x00 or OxFF without requir- 
ing a dither matrix (DitherConstant is primarily used 
for threshold dithering in the margin areas). 


Debug registers (read only) 
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Table 143. HCU Registers 









OxDO 


Hcu Ports Debug 


14 


N/A 


Bit 1 3 = tfu_hcu_avai! 
oit i Z = nCU_nu_3OVu0t 
Bit 11 = sfu_hcu_avail 
Bit 10 s hcu_sfu_advdot 
Bit 9 = cfu_hcu_avail 
Bit 8 = hcu_cfu_advdot 
Bit 7 = dncjhcujrsady 
Bit 6 a hcu_dnc_avaii 
Bits 5-0 = hcu_dnc_data 


0xD4 


HcuDotgen Debug 


15 


N/A 


Bit 14 = after_top_margin 
Bit 13 = in_tag_target _pag& 
Bit 12 = in_jarget_page 
Bit 11 » tp_avail 
Bit 1 0 = s_avaJI 
Bit 9 = cp_avaJI 
Bit 8 = dm_avail 
Bit 7 = acrvcfof 

Bits 5-0 = [tp,$,cp3.cp2,cp1.cp0\ 

(i.e. 6 bit input to dot reorg units) 


0xD8 


HcuDilherDebugl 


17 


N/A 


Bit 9 = aoVtfof 

Bit 8 = dm_avail 

Bit 15-8 = cp 1jdither_val 

Bits 7-0 = cpO_dither_vaJ 


OxDC 


Hcu0itherDebug2 


17 


N/A 


Bit 9 - advtfof 

Bit 8 = dm^avaU 

Bit 15-8 = cp3_dither_vai 

Bits 7-0 = cp2_dither_val! 



28.4.3 Control unit 

The control unit is responsible for controlling the overall flow of the HCU. It is responsible for determin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at the spe- 
| cific dot location. A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen unit is 
capable of supplying 'real' data in this cycle. The term 'real' refers to data generated from external 
sources, such as contone line buffers, bi-level line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data. It must also check that the 
DNC is ready to receive data. 

The contone/spot margin unit is responsible for determining whether the current dot coordinate is within 
the target contone/spot margins, and the tag margin unit is responsible for deterrnining whether the current 
dot coordinate is within the target tag margins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither ceil values 
that are used in the halftoning process in the contone dotgen unit. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 434 



SoPEC : Hardware Design 



ok to readi ck to write 



cp_avail, s .av^i?, tp.avail 
avall_maskj 



tm_mask 



in_target_pa0b 
<4 



'n_taa_tafgetjpage 



§ 



determine 
advdot 



rd_kdv dot, wr.advdot 



advdot 



position unit 



✓ '32 



3 



16 



contone 
spot 

margin 
unit 



/$2 



tag 
margin 
unit 



t Y 



16, 



dither 
matrix 
table 
interface 



'8/'8 



8 



> hcu_dnc__avail 
— dnc_hcu_ready 



> advdot 
— rnax_dot 



hcu_diu_rreq 
— diu_hcu_rack 



► hcu_diu_radr 

dlu_hcu_rvalid 

64 

— diu^data 



S *T 3 $ H -a S c -9 3 

" 5 8 , 5 3 S 5 1 



3 R S 



I 



I I 

8- » 



Figure 196. Block diagram of the control unit 



28.4.3.1 Determine AdvDot 

The HCU does not always require contone planes, bi-Ievel or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer, or a tag layer. In addition, the contone and bi-Ievel 
parts of a page are only required within the contone and bi-level page margins, and the tag part of a page is 
only required within the tag page margins. Thus output dots can be generated without contone, bi-Ievel or 
tag data before the respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been reached (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i.e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be 1 for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 144. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtarget _page after the target page area has been 
reached to allow dot production in the contone/spot margin areas without needing any data in the CFU and 
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SFU. The avail bit for tag color is ANDed with in_tagjtarget_page after the target tag page area has been 
reached to allow dot production in the tag margin areas without needing any data in the TFU. 



Table 144. Correspondence between bit in Avail Mask and avail flag 



sis 




i8§§ 


m 




0 


dm_avaU 


dither matrix data available 


1 


cp_ava!l 


contone pixels available 


2 


s_avail 


spot color available 


3 


tp_avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after jtop_margin flag. The 
output bits are ANDed together along with Go and ok_to_write (which specifies whether the output buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdot In this 
way, if the output buffer is full or any of the specified avail flags is clear, the HCU will stall. When the end 
of the page is reached, in-page will be deasserted and the HCU will continue to produce 0 for all dots as 
| long as the DNC requests data. A block diagram of the determine advdot unit is shown in Figure 197. 

The ok_to_read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of hcujdncjxvail). If the DNC is ready to receive the dot 
(dncjicu_ready is 1) then the dot is read from the output buffer by asserting rd_advdot. 
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Figure 197. Block diagram of determine advdot unit 



28.4.3.2 Position unit 

The position unit is responsible for outputting the position of the current dot (curr jyos, currjine) and 
whether or not this dot is the last dot of a line {advline). Both curr _pos and currjine are set to 0 at reset or 
when Go transitions from 0 to L The position unit relies on the advdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, curr j?os gets incremented. If curr _pos equals 
max_dot then an advline pulse is generated as this is the last dot in a line, currjine gets incremented, and 
the curr^pos is reset to 0 to start counting the dots for the next line. 

26.4.3.3 Margin unit 

The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the target page or in a margin area (see Figure 198). This unit is instantiated for both the con- 
tone/spot margin unit and the tag margin unit. 
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Figure 198. Page structure 



The margin unit takes the current dot and line position, and returns three flags. 

• the first, in-page is 1 if the current dot is within the page, and 0 if it is outside the page. 

• the second flag, in_jarget_page t is 1 if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/left/bottom/right margins. 

• the third flag, after_top_margin, is \ if the current dot is below the target top margin, and 0 if it is 
within the target top margin. 

A block diagram of the margin unit is shown in Figure 199. 
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Figure 199. Block diagram of margin unit 
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28.4.3.4 Dither matrix table Interface 



The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit. The control flag dm_reod_enable 
enables the reading of the dither matrix table line structure from DRAM. If dm_readjenable is 0, the 
dither matrix is not specified in DRAM and no DRAM accesses are attempted. The dither matrix table 
interface has an output flag dm^avail which specifies if the current line of the specified matrix is available. 
The HCU can be directed to stall when dmjavail is 0 by setting the appropriate bit in the HCU's Avail- 
Mask or TMMask registers. When dmjavail is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that interfaces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the buffer. 
Figure 200 shows a block diagram of the dither matrix table interface. 
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Figure 200. Block diagram of dither matrix table interface 

28.4.3.4.1 Dither matrix buffer 

The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 
single line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where the data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer is implemented using a 256 byte 3-port register array, two reads, one write port, 
with the reads clocked at double the system clock rate (320MHz) allowing 4 reads per clock cycle. 

The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_avail[0] and buff_availfJJ. It also keeps a 
single bit (rdjbujj) for the current buffer that reads are to occur from, and a single bit (wrjmff) for the cur- 
rent buffer that writes are to occur to. The output value dmjavail equals buff_avail[rdjbuffj. The output 
value okjtojwrite equals buffjavail[wrjbuff]. Note that when using a single line buffer, buff_avail[l] is 
not used. 

The read addresses are byte aligned. A single dither matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, buff_avail[rdjyuff] 
is cleared, and rdjbuffis inverted (if using a double line buffer). 

Data is written, 64 bits at a time to the current write buffer when diujkcu_rvalid is asserted. When WrAdr 
is Oxl F and diujicu_rvalid is 1, bujfc_availfwr_buffj is set, and wrjntff is inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the current write buffer and it is now 
available to be read. 

28.4.3.4.2 Read address generator 

For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte from the cur- 
rent 256-byte read buffer. When Go gets set (0 to I transition), or at the end of a line, the read addresses 
are set to their corresponding initial index. Otherwise, the read address generator relies on advdot to 
advance the addresses within the inclusive range specified the lower and upper indices, represented by the 
following pseudocode: 

if (advdot == 1) then 

if (advline « l) then 

rd_adr = dra_init_ index 
elaif (rd_adr == dn\_upr_index) then 

rd_adr = dm_lwr_ index 
else 

rd_adr 

else 

rd_adr = rd_adr 

28.4.3.4.3 State machine 

The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DIU over 4 
clock cycles (64-bits per cycle).The protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are implemented by means of the state machine 
described in Figure 20 1 . 

All counters and flags should be cleared after reset or when Go transitions from 0 to 1 . While the Go bit is 
1 , the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dm_readjznable is clear, the state machine does nothing and remains in the idle state. 
When dm_read_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in the dither matrix buffer. 
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The read address and linejstartjadr are initially set to start_dmjidr. The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a Line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and accessjcount equals 3 or 7, a line of dither matrix has just 
been loaded from and the read address is updated to \ line„start_adr plus linejncrement so it points to the 
start of the next line of dither matrix. (line_ftartjndr is also updated to this value). If the read address 
equals endjimjidr then the next read address will be start _dm_adr, thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write address for the dither matrix buffer is implemented by means of a modulo-32 counter that is ini- 
tially set to 0 and incremented when diujtcu_rvalid is asserted. 
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Figure 201. State machine to read dither matrix table 
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28.4.4 Contone dotgen unit 

The contone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cpjavail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcu_cfu_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

The block diagram for the contone dotgen unit is shown in Figure 202. 
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Figure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
defined within the contone/spot margin area. As a result, if the input flag in_target _page is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 



The resultant contone pixel is then halftoned. The dither value to be used in the halftoning process is pro- 
vided by the control data unit. The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8 -bit dither matrix 
value a I is output. If not, then a 0 is output This means each entry in the dither matrix is in the range 1- 
255 (0 is not used). 
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28.4.5 Spot dotgen unrt 

The spot dotgen unit is responsible for producing a dot of bi-level data per cycle. It deals with bi-level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-level spot layer is only defined within the contone/spot margin area. As a result, if input flag 
in_target_j)age is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a s_avail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the output hcu^jujndvdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

s_avail » sfu_hcu__avail 

if (in_target_page =- 1 AND advdot -- 1) then 

hcu_sfu_advdot = 1 
else 

hcu_s£u_advdot * 0 

if ( in_target_page == 1) then 

sp = sfu_hcu_sdata 
else 

sp = sp_constant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The tag layer is only defined within the tag margin area. As a result, if 
input flag injtag_target_page is 0, then a constant dot value, tpjconstant (typically this would be 0), is 
used for the output dot The tagplane dotgen unit also produces a tpjivail flag which specifies whether or 
not tag dots are currently available for the tagplane, and the output hcujtfu_advdot to request the TFU to 
provide the next bi-level data value. 

28.4.7 Dot reorg unit 

The dot reorg unit provides a means of mapping the bi-level dithered data, the spotO color* and the tag data 
to output inks in the actual printhead Each dot reorg unit takes a set of 6 1-bit inputs and produces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infrared for testing purposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reorg unit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since all 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reorg unit can take 
the mapping of other reorg units into account. For example, a black plane reorg unit may produce a I only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg unit may generate a 1 if any 2 of the output color planes is set (taking into account 
the mappings produced by the other reorg units). 

| If dead nozzle replacement is to be used (see section 29.4.2 on page 448), the dot reorg can be pro- 

grammed to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping the bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 
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background TFS is to be used, a limited number of nozzles can be replaced If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 

The dot reorg unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1010 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit lOMapping value programmable as two 32-bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2 6 « 64 bits), as shown in Figure 203. 
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Figure 203. Block diagram of dot reorg unit 

The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 
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29 Dead Nozzle Compensator (DNC) 

29.1 Overview 

The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied from the HCU, and the cor- 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 
204. 
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Figure 204. High level block diagram of DNC 



The DNC compensates for a dead nozzles by performing the following operations: 

• Dead nozzle removal, i.e. turn the nozzle off 

• Ink. replacement by direct substitution i.e. K -> K 

• Ink replacement by indirect substitution i.e. K -> CMY 

• Error diffusion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles are located and handle any fixative correction due to 
nozzle compensations. Performance must degrade gracefully after 5% dead nozzles. 

29,2 Dead nozzle identification 

Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 10-bit value defines the number of dots between dead 
nozzle columns 1 . With the delta information it also reads the 6-bit dead nozzle mask (dn_mask) for the 
defined dead nozzle position. Each bit in the dnjnask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 256-bit accesses. A 10-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1 023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is denned as a 6-bit dn_mask of all zeros. These null 
dead nozzle identifiers should also be used so that: 

• the dead nozzle table is a multiple of 16 entries (so that it is aligned to the 256-bit DRAM locations) 



1 . for a 1 0-bit delta value of d, if the current column n is a dead nozzle column then the next dead nozzle column is given by n + {d + 1). 
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• the dead nozzle table spans the complete length of the line, i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot output matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead. 



16 bits wide 



N dead nozzle 
columns 




Table Entry Structure 

| 6-bit DnMask 



10-bit Delta Encode 



bits 15-6 



bits 5-0 



Figure 205. Dead nozzle table format 



29.3 DRAM STORAGE AND BANDWIDTH REQUIREMENT 

The memory required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to read a 1 6-bit entry from the dead nozzle table 
for every dead nozzle. Table 146 shows the DRAM storage and average 1 bandwidth requirements for the- 
DNC for different percentages of dead nozzles and different page sizes. 

Table 146. Dead Nozzle storage and average bandwidth requirements 
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a. Bi-lithic printhead has 13824 nozzles per color providing full bleed printing for A4/Letter 

b. Bi-lithic printhead has 19488 nozzles per color providing full bleed printing for A3 



I. Average bandwidth assumes an even spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 
DRAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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e. 16 bits x 13824 nozzles x 0.05 dead 
d. (16 bits read / 20 cycles) = 0.8 bits/cycle 



29.4 



Nozzle compensation 



DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink plane(s) 
contains a dead nozzle(s). The DNC first deletes dots destined for the dead nozzle. It then replaces those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). After ink replacement, if a dead nozzle is 
made active again then the DNC performs error diffusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed. 



If a nozzle is defined as dead, then the first action for the DNC is to turn off (zeroing) the dot data destined 
for that nozzle. This is done by a bit -wise ANDing of the inverse of the dtx^jnask. with the dot value. 



Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of the same color (direct substitution, i.e. K -> K^^na^, or placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. K -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intending it to be later diffused. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. See Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C,M,Y,Ki,K 2 ,IR and the input dot data from 
the HCU is b 101 100. Assuming that the Kj ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl. The DNC first removes the dead nozzle by zeroing the Kj plane to produce 
blOlOOO. Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for Kj (in this case the ink replacement partem for K x is configured as bOOOOlO, i.e. 
ink replacement into the K 2 plane). Providing error diffusion for IC 2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot blOlOlO. As can be seen the dot data in the defective K| nozzle was removed and replaced by 
a dot in the adjacent K 2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the K\ ink plane could be compensated for by indirect substitution, in which case ink 
replacement pattern for would be configured as bl 1 1000 (substitution into the CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot bl 11000. Here the dot 
data in the defective K { ink plane was removed and placed into the CMY ink planes. 



29.4.1 



Dead nozzle removal 



29.4.2 Ink replacement 
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29.4.3 Error diffusion 

Based on the programming of the lookup table the dead nozzle may be left active after ink replacement. In 
such cases the DNC can compensate using error diffusion. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position, if one is inactive. If both dots are inactive then the choice is arbitrary, and is determined 
by a pseudo random bit generator. If both neighbor dots are already active then the bit cannot be compen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required), the 
DNC works on a set of 3 dots at a time. For any given set of 3 dots, the first dot received from the HCU is 
referred to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Figure 
206. 
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Figure 206. Set of dots operated on for error diffusion 



For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead. A 
1 in dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data from dot B should not be diffused into dot A. Simi- 
larly, if dot C is defined as dead, then dot data from dot B should not be diffused into dot C. 

Error diffusion should not cross line boundaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot from the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B should not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a 1 is already present in dot C, 

• dot C is defined as dead, 

• or dot C is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no compensation needs to be done and dots A 
and C do not need to be changed. 

If B is defined to be dead and the dot value for B is 1, then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for "prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C, then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC error diffusion operation when dot B is defined as dead. 

Table 147. Error Diffusion Truth Table when dot B Is dead 




A input 



A input 



1 C 



A input 



A input 



A input 



A input 



A input 



C input 



C input 



C input 



1 



C input 



C input 



C input 



1 



C input 



a. Output from random bit generator. Determines direction of error diffusion (0 « left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to arbitrarily select the direction of diffusion is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 



29.4.4 Fixative correction 

After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the FixativeRequiredMask register) for the new com- 
pensated dot data word and whether fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixativeMaskl configuration register. 
Table 148 indicates the actions to take based on these calculations. 



Table 148. Truth table for fixative correction 









1 


1 


Output dot as is. 


1 


0 


Clear fixative ptane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as is. 



The DNC also allows the specification of another fixative plane, specified by the FixativeMask2 configura- 
tion register, with FixativeMaskl having the higher priority over FixativeMask2. When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskl. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativeMask2. 
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Note that the fixative defined by FixativeMaskl and FixativeMask2 could possibly be multi-part fixative, 
i.e. 2 bits could be set in FixativeMaskl with the fixative being a combination of both inks. 
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29.5 Implementation 

A block diagram of the DNC is shown in Figure 207. 
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Figure 207. Block diagram of DNC 
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29.5.1 Definitions of I/O 

Table 149. DNC port list and description 





KBSBI 




Clocks and Resets 


pciJc 


1 


In 


System Clock. j 


prst_n 


1 


In 


System reset, synchronous active low. 


PCU Interface 


pcu_dnc_sel 


1 


In 


Block select from the PCU. When pcu_tfnc.se/is high both 
pcu_adr and pcu_dataout are valid . 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adrf6.2] 


5 


In 


PCU address bus. Only 5 bits are required to decode the 
address space for this block. 


pcu_dataout(3l:0] 


32 


In 


Shared write data bus from the PCU. 


dnc_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dnc _pcu_rdy is high it indi- 
cates the last cycle of the access. For a write cyde this 
means pctc dataout has been registered by the block and tor 
a read cycle this means the data on dnc_pcujda\a is valid. 


dnc_j3cu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU interface 


dnc_diu_rreq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


dnc_diu_radrf21:5] 


17 


Out 


Read address to DtU, 256-bit word aligned. 


diu_dnc_rack 


1 


In 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on dncjdiu^radr 


diu_dnc_rvalid 


1 


In 


Read data valid, active high. Indicates that valid read data is 
now on the read data bus, diu_data. 


diu_data{63:0] 


64 


In 


Read data from DIU. 


HCU Interface 


dnc_hcu_ready 


1 


Out 


Indicates that DNC Is ready to accept data from the HCU. 


hcu_dnc_avail 


1 


In 


Indicates valid data present on hcu_dnc_data. 


hcu_dnc_data[5:0] 


6 


In 


Output bi-level dot data in 6 ink planes. 


DWU interface 


dwu_dnc_ready I 


1 


In 


Indicates that DWU is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


Indicates valid data present on dnc_dwu_data. 


dnc_dwu_data[5:0] 


6 


Out 


Output bi-level dot data in 6 ink planes. 



29.5.2 Configuration registers 

The configuration registers in the DNC are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
DNC. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of dnc_pcujiata. Table 150 lists the configuration registers in the DNC. 
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Table 150. DNC configuration registers 



1111111 










Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of trie 
DNC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the DNC. Writing 
0 to this register halts the DNC. 
When Go is asserted all counters, flags etc. are 
cleared or given their initial value* but configura- 
tion registers keep their values. 
When Go is deasserted the state-machines go 
to their idle states but all counters and configu- 
ration registers keep their values. 
This register can be read to determine if the 
DNC ts running 
(1 = running, 0 = stopped). 


Setup registers (constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present 
across a page. For example if a page contains 
13824 dots, then MaxDot will be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print- 
head as some margining may be introduced in 
the PHI. 


0x14 


LSFR 


32 


0xOO00_ 
0000 


The current value of the LFSR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value for the 32-bit maximum length ran- 
dom bit generator. Must not be all 1s for taps 
implemented in XNOR form. (It is expected that 
writing a seed value will not occur during the 
operation of the LFSR). 

This LSFR value could also have a possible use 
as a random source in program code. 


0x20 


FixativeMaskl 


6 


0x00 


Defines the higher priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. For each bit: 

1 = the ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x24 


FixativeMask2 


6 [ 


0x00 


Defines the lower priority fixative p)ane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when FixativeMaskl 

planes are dead. For each bit: 

1 - the Ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x28 


RxativeRequiredMask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 

1 = the ink plane requires fixative. 

0 = the ink plane does not require fixative (e.g. 
ink is self-fixing) 
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Table 150. DNC configuration registers 





P 






■MS- 






m 










0x30 


DnTableStartAdr 




Start address of Dead Nozzle Table in DRAM, 
specified in 256-bit words. 


0x34 


DnTableEndAdr 


17 


0x0_0000 


End address of Dead Nozzle Table in DRAM, 
specified in 256-bit words, i.e. the location con- 
taining the last entry in the Dead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-bit boundary, if necessary it can be padded 
with null entries. 


0x40 - 0x54 


Plane Replace Pat- 
tern(5:0] 


6x6 


0x00 


Defines the ink replacement pattern for each of 
the 6 ink planes. PtaneReptacePattem[0]\s the 
ink replacement pattern for plane 0, PtaneRe- 
placePattem[1]\$ the ink replacement pattern 
for pfane 1 , etc. 

For each 6-bit replacement pattern for a plane, 
a 1 in any bit positions indicates the alternative 
ink planes to be used for this plane. 


0x58 


Diffuse Enable 


6 


0x3F 


Defines whether, after ink replacement, error 
diffusion is allowed to be performed on each 
plane. 

Bit O represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 
1 = error diffusion is enabled 
0 = error diffusion is disabled 


Debug registers (read only) 


0x60 


DncOutp at Debug 


6 


N/A 


Bit 7 = dwujdnc_ ready 
Bit 6 a dnc_ dwu_ a va il 
Bits 5-0 = dnc_dwu_data 


0x64 


DncReplaceDebug 


14 


N/A 


Bit 13 5 odu_ready 
Bit 12 = iru_avail 
Bits 11-6 = inj_dn_mask 
Bits 5-0 = iru_data 


0x68 


DncDiffuseDebug 


14 


N/A 


Bit 13 = dwu_dnc_ready 
Bit 12 = dnc_dwu_avail 
Bits 11-6 = edu__dn_mask 
Bits 5-0 = adu_data 
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Sh 



29.5.3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink replacement unit 
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Figure 208. Sub-block diagram of ink replacement unit 



29.5.3.1 Control unit 

The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64-bits per cycle). The protocol and timing for read 
accesses to DRAM is described in section 20.9. 1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All counters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While the Go bit is 1 , the state machine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rdjeount, is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diu_dncjrvalid is asserted. When Go is 1, dn_table_radr is set to 
dnjtable__start_adK As each 64-bit value is returned, indicated by diujdncjrvalid being asserted, 
dnjtable_radr is compared to dn_tablejznd_adr. 

• If rdjzount equals 3 and dn jtable _r adr equals dnjtable_end_adr 9 then dnjable_radr is updated to 
dnjtable__start_adr> 

• Urd_count equals 3 and dn_table_radr does not equal dn_table_end_adr y then dnjtable_radr is incre- 
mented by 1 . 

A count is kept of the number of 64-bit values in the FIFO. When diu_dnc_rvalid is 1 data is written to the 
FIFO by asserting wr_en, and fifo_contents and fifo_wr_adr are both incremented. 
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When fifo_contents[3:0] is greater than 0 and edu^ready is 1, dncjicujready is asserted to indicate that 
the DNC is ready to accept dots from the HCU. If kcu_dnc_avail is also 1 then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and iru_avail is also asserted. After 
Go is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd_adv pulse is received from the GenMask unit, fifo_rd_adr[ 4 :0] is then incremented to select 
the next 16-bit value. If fifo_rdjadr[l:0] - 1 1 then the next 64-bit value is read from the FIFO by asserting 
rd_en, and fifo_contents[3:0] is decremented. 
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Figure 209. Dead nozzle table state machine 



29.5,3.2 Dead nozzle FIFO 



The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to account for the 64-bit data 
transfers from the DIU, and the individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit. In reality, the FIFO is actually 8 entries deep and 64-bits wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 16-bit aligned, i.e. the upper 3 bits are input as the read address for the FIFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read corresponds to bits 1 5-0, second 16 bits to bits 
31-16 etc.). 

29.5.3.3 GenMaskunit 

The GenMask unit generates the 6-bit dn_mask that is sent to the replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Go is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entry is available at the output of the dead nozzle FIFO and should be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO. The delta counter is decremented every time a dotadv pulse 
is received When the delta counter reaches 0, it gets loaded with the current delta value output from the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rd_adv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of the dead nozzle FIFO. 

When the delta counter is 0 the value in the mask register is output as the dn_mask y otherwise the dn_mask 
is all 0s. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to count the 
delta from one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn_mosk with the dot 
value. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dn_jnosk will be all Os and the dot, hcu_dnc_data 7 will 
be passed through unchanged. 
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Figure 210. Logic for dead nozzle removal and ink replacement 
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29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 
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Figure 211. Sub-block diagram of error diffusion unit 



29.5.4.1 Random Bit Generator 



The random bit value used to arbitrarily select the direction of diffusion is generated by a maximum length 
32-bit LFSR. The tap points and feedback generation are shown in Figure 212. The LFSR generates a new 
bit for each dot in a line regardless of whether the dot is dead or not, i.e shifting of the LFSR is enabled 
when advdot equals I. The LFSR can be initialised with a 32-bit programmable seed value, random_seed. 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as this causes the LFSR to lock-up. 
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Figure 212. Maximum length 32-bit LFSR used for random bit generation 



29.5.4.2 Advance Dot Unit 

The advance dot unit is responsible for determining in a given cycle whether or not the error diffuse unit 
will accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_dnc_ready control signal from the DWU, the iru_avail flag from 
the ink replacement unit, and generates dnc_dwu__avail and edu_ready control flags. 

Only the dwu_dncjready signal needs to be checked to see if a dot can be accepted and asserts edu_ready 
to indicate this. If the error diffuse unit is ready to accept a dot and the ink replacement unit has a dot avail- 
able, then a advdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advance dot unit ignores dwujinc_ready initially until 3 dots have 
been accepted by the diffuse unit. Similarly dnc_dwu_avail is not asserted until the diffuse unit contains 3 
dots and the ink replacement unit has a dot available. 
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29.5.4.3 Diffuse Unit 

The diffuse unit contains the combinatorial logic to implement the truth table from Table 147. The diffuse 
unit receives a dot consisting of 6 color planes (I bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error diffusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse unit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and the second as dot B, and the third as dot C. Dots are shifted along the 
pipeline whenever advdot is 1. A count is also kept of the number of dots received It is incremented when- 
ever advdot is 1 , and wraps to 0 when it reaches maxjiou When the dot count is 0 dot C corresponds to the 
first dot in a line. When the dot count is 1 dot A corresponds to the last dot in a line. 

In any given set of 3 dots only dot B can be defined as containing a dead nozzle(s). Dead nozzles are iden- 
tified by bits set in iru_dn_mask If dot B contains a dead nozzle(s), the corresponding bit(s) in dot A, dot 
C the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accordingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged. 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to implement fixative correction as defined in 
Table 151. For each output dot the DNC determines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

Fixative Present * ( (FixativeMaskl "| FixativeMask2 ) & edu_data) != 0 
FixativeReouired » (FixativeRequiredMaak & edu_data) != 0 

It then looks up the truth table to see what action, if any, needs to be taken. 



Table 151 . Truth table for fixative correction 



mm 


m 










1 


1 


Output dot as is. 


dnc_dwu_data = edu_data 


1 


0 


Clear fixative plane. 


dnc_dwu_data = (edu_data) & -{FixativeMaskl | RxativeMask2) 


0 


1 


Attempt to add fixa- 
tive. 


if {FixativeMaskl & DnMask) 1= 0 

dnc_dwu_data = (edu_data) | (Fixative Mask2 & -DnMask) 
else 

dnc_dwu_data = (edu_data) | (FixativeMaskl) 


0 


0 


Output dot as is. 


dnc_dwu_data = edu_data 



When attempting to add fixative the DNC first tries to add.it into the plane defined by FixativeMaskl. 
However, if this plane is dead then it tries to add fixative by placing it into the plane defined by 
FixativeMaskl. Note that if both FixativeMaskl and FixativeMask2 are both all Os then the dot data will 
not be changed. 
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30 Dotline Writer Unit (DWU) 



30.1 Overview 



The Dotline Writer Unit (DWU) receives 1 dot (6 bits) of color information per cycle from the DNC Dot 
data received is bundled into 256-bit words and transferred to the DRAM. The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for local complexities in the dot data generate pipe- 
line. 
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Figure 213. High level data flow diagram of DWU in context 



30.2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing sequence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 1 2 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by D 2 print lines and nozzles of different colors 
are separated by D { print lines. See Figure 214 for reference. The first color to be printed is the first row of 
nozzles encountered by the mcoming paper. In the example this is color 0 odd, although is dependent on 
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the priiithead type (see Section 35 Memjet Printhead for other printhead arrangments). Paper passes under 
printhead moving downwards. 
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Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bl-fithic printhead 

For example if the physical separation of each half row is 80um equating to D|=D 2 =5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles will fire on dotline L-D b color 1 odd nozzles will fire on dotline L-D r D 2 and so on over 6 color 
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planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5- 0 + 1 1x5 =55. 

See Figure 215 for example diagram. 
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Figure 215. Paper and printhead nozzles relationship (example with D 1 =D 2 =5) 

It is expected that the physical spacing of the printhead nozzles will be 80um (or 5 dot lines), although 
there is no dependency on nozzle spacing. The D WU is configurable to allow other line nozzle spacings. 



Table 152. Relationship between Nozzle color/sense and line firing 
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L * 


even 


L-5 




odd 


L-5 


odd 


L 


Colon 


even 


L-10 


even 


L-15 




odd 


L-15 


odd 


L-10 


Color 2 


even 


L-20 


even 


L-25 




odd 
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odd 
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Color 5 


even 
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odd 


L-55 
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30.3 Line rate de-coupling 

The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot line store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data generation pipeline) of the FIFOs. 
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LLU 

Read 

Side 



A logical representation of the FIFOs is shown in Figure 2 1 6, where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 

Even Row Encountered First 



Color 5. Odd FIFO 



Color 5. Even FIFO 



Color 4. Odd FIFO 



Color 4, Even FIFO 



Color 3, Odd FIFO 



Color 3, Even FIFO 



Color 2. Odd FIFO 



Color 2. Even FIFO 



DWU 
Write 
Side 



Color 1, Odd FIFO 



Colon, Even FIFO 



Color 0. Odd FIFO 



Color 0, Even FIFO 



I Extra line store D< 



LLU 

Read 

Side 



Odd. Row Encountered First 



Color 5, Odd FIFO 



Colors, Even FIFO 



Color 4, Odd FIFO 



Color 4, Even FIFO 



Color 3, Odd FIFO 



Color 3. Even FIFO 



Color 2, Odd FIFO 



Color 2. Even FIFO 



Colon. Odd FIFO 



Color 1. Even FIFO 
Color 0. Odd FIFO | +- 



Color 0, Even RFO 



DWU 
Write 
Side 



X 



I Extra line store D 2 

Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D 2 and inter-color spacing of D if with C colors of odd and even half lines, the 
number of half line storage is (C - I) (D 2 +D!) + Dl. 

For N extra half line stores for each color odd and even, the storage is given by (N * C * 2). 
The total storage requirement is ((C - 1) (D 2 +Di) + Dl + (N * C * 2)) * d/2 in bits. 
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Note that when determining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 dpi, or 6912 dots per half dot line. To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5-K)= 330 half dot 
lines in total. If it is assumed that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12^48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 
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The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30.5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3. This requires 27 words x 12 half colors (6 colors odd 
and even) = 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per cycle). Each half color is required to be double buffered, while filling one 
buffer the other buffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6144 bits in total. 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits are being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM. With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1 .5x buffering the average 
DRAM bandwidth requirement is 6 bits per cycle but the peak bandwidth requirement is 12 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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x1.5 Buffering 
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Figure 217. Comparison of 1.5x v 2x buffering 

Should the DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue the stall in sufficient time for the DNC to respond and still not 
cause a FIFO overrun. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 DOTLINE DATA IN MEMORY 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data followed by decreasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed by increasing even color data. For both printhead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order* and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the ColorLineSense register. 
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The dot order in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be different the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256-bit words and written in increasing order 
in DRAM, word 0 first, then word 1 , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bundled into 256-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-l and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 
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Figure 218. Even dot order in ORAM (Increasing Sense, 13320 dot wide line) 



Even Dot Storage in DRAM (Decreasing Sense) 
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Figure 219. Even dot order in DRAM (Decreasing Sense, 13320 dot wide line) 

Each half color is configured independently of any other color. The ColorBaseAdr register specifies the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the fifo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by CoIorLinelnc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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This process continues until ColorFifoSize number of lines are stored, after which the DRAM address with 
wrap back to the ColorBaseAdr address. 
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Figure 220. Dotline FIFO data structure in ORAM 

As each line is written to the FIFO, the DWU increments the FifoFillLevel register, and as the LLU reads a 
line from the FIFO the FifoFillLevel register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwujline_rd line. 

When the number of lines stored in the FIFO is equal to the Max WriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwujinc^ready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 



30,7.1 Definitions of I/O 

Table 154. DWU I/O Definition 



Clocks and Resets 


pdk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


DNC Interface 


dwu_dnc_ready 


1 


Out 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


In 


Indicates valid data present on dnc_dwu_data. 


dnc_dwu_data(5 :0] 


6 


In 


Input bHevef dot data in 6 ink planes. 


LLU Interface 


dwuJlu_Une„wr 


1 


Out 


DWU line write. Indicates that the DWU has completed a full 
line write. Active high 


llfu_dwujine_rd 


1 


In 


LLU line read. Indicates that the LLU has completed a fine 
read. Active high. 


LLU and DWU common configuration 


dwujlu_cffe>size[1 1 ^]f7.-0] 


12x8 


Out 


Indicates the number of lines in the FIFO before the line 

increment will wrap around in memory. 

Bus 0,1 - Even, Odd Dne color 0 

Bus 2,3 - Even, Odd line color 1 

Bus 4,5 - Even, Odd line color 2 

Bus 6,7 - Even, Odd line color 3 

Bus 8,9 - Even, Odd line color 4 

Bus 10,1 1 - Even. Odd line color 5 


PCU Interface 


pcu_dwu_ael 


1 


In 


Block select from the PCU. When pcu_dwu_sel\s high both 
pcu_adr and pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataout(31 :0} 


32 


In 


Shared write data bus from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dwu _pcu_rdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means pcv_dataout has been registered by the block and 
for a read cycle this means the data on dwu _pcu_data is 
valid. 


d wu_pcu_data[3 1 :0] 


32 


Out 


Read data bus to the PCU. 


Dili Interface 


dwu_dhj_wreq 


1 


Out 


DWU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 


dwu_diu_wadr[21 :5J 


17 


Out 


Write address to DIU 

17 bits wide (256-bit aligned word) 


diu_dwu_wack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
dwu_diu_wadr 
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Table 154. DWU I/O Definition 







dwu_diu_data[63:0] 


64 


Out 


Data from DWU to DIU. 256-bit word transfer over 4 cycles 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is btts 255:1 92 of 256 bit word 


dwu_diu_wvaJid 


1 


Out 


Signal from DWU indicating that data on dwu diu data is 
valid. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 471 



SoPEC : Hardware Design 



J3 



30.7.2 DWU partition 
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Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU, Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 
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the DWU. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of dwu_pcujiata. Table 155 lists the configuration registers in the DWU. 

Table 155. DWU registers description 




Control Registers 




0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register will cause a DWU block reset. 


0x04 


Go 


1 


0x0 


Active high bit indicating the DWU is programmed 
and ready to use. A low to high transition will cause 
DWU block internal states to reset (configuration 
registers are not reset). 


Dot Line Store Configuration 


0x08-0x38 


Cok>rBaseAdr[1 1 K)J 


12x17 


0x00000 


Specifies the base address (In words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C-0x6C 


CotorFlfbSlze[11:0] 


12x8 


0x00 


indicates the number of lines in the FIFO before 
the line increment will wrap around in memory. 
Bus 0,1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4.5 - Even. Odd line color 2 
Bus 6,7 - Even, Odd line color 3 
Bus 8,9 - Even, Odd fine color 4 
Bus 10,1 1 - Even, Odd line color 5 


0x70 


CoIorLineSense 


2 


0X2 


Specifies whether data written to DRAM for this 
half color is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense. 
Bit 1 Defines odd color sense. 


0x74 


ColorEnable 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x78 


MaxWriteAhead 


8 


0x00 


Specifies the maximum number of lines that the 
DWU can be ahead of the LLU 


0x7C 


UneSize 


16 


0x0000 


Indicates the number of dots per fine. 


Working Registers 


0x80 


LineDotCnt 


16 


0x0000 


Indicates the number of remaining dots In the cur- 
rent line. (Read Only) 


0x84 


RfoRllLevel 


8 


0x00 


Number of lines in the FIFO, written to but not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu _go _j>ulse 
signal. 

The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived from the LineSize register by rounding up the nearest 256-bit value. The 
same value used for all half colors, 
if (line_sizel7 :0] 1=0 ) then 

color_line_inc[7 :0] » line_size (15 : 8] + 1 
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else 

color_line_inc(7:0] = line_size [ 15 : 8 ) ; 



30.7.4 Fifo fill level 

The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (determined by the DIU interface subblock and signalled via linejwr) it increments the 
filllevel and signals the line increment to the LLU (pulse on dwujlujine_wr). Conversely if it receives an 
active llu_dwu_line_rd pulse from the LLU, the filllevel is decremented If the filllevel increases to the pro- 
grammed max level (max_write_ahead) then the DWU stalls and indicates back to the DNC by de-assert- 
ing the dwu_dnc_ready signal. 

If one or more of the DIU buffers fill, the DIU interface signals the fill level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dnc_ready signal to stall the DNC. The bufjull sig- 
nals will remain active until the DIU services a pending request from the full buffer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures that the LLU cannot start reading a partial line from 
DRAM before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dwu _go ^pulse 
signal. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. 
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30.7.5 Buffer address generator 
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Figure 222. Buffer address generator sub-block 



30. 7.5. 1 Buffer address genera tor description 

The buffer address generator subblock is responsible for accepting data from the DNC and writing it to the 
DIU buffers in the correct order. 

The buffer address and active bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of the current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once complete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

If the color Jinejsense signal for a color is one (i.e. increasing) then the bit-write generation is straight 
forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit l is active and so on to the 255 th dot 
where bit 63 is active (in buffer word 3). This is repeated for all 256-bit words until the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

If color Jiinejsense signal for a color is zero (i.e. decreasing) the bit- write generation for that color is 
adjusted by an offset calculated from the pre-programmed line length (line^size). The offset adjusts the bit 
write to allow the line to finish on a 256-bit boundary. For example if the line length was 400, for the first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200 th dot of data with bit 0 of wrjbit active (buffer word 
0). 
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30.7.5.2 Bit-write decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
I Ac colorjinejsense signal. Each block determines if it is active on this cycle by comparing its configured 

type with the current dot count address and the datajxctive signal. 

The wrj>it bus is a direct decoding of the lower 6 count bits {count [6:1 J), and the DIU buffer address is 
the remaining higher bits of the counter (count f J 0:7 J). 

The signal generation is given as follows: 
// determine the counter to use 
| if <color_line_sense == 1 ) 

count = up_cnt(10:0] 
else 

count = dn__cnt(10:0 J 
// determine if active, based on instance type 

wr - en - data__active & (count (0] ~ odd_even_type) // odd =1, even =0 

// determine the bit write value 

wr_bit[63:0J * decode (count T6 : 1] ) 

// determine the buffer 64 -bit address 

wr_adr[3:0] » count [10:7] 

30. 7. 5. 3 Up counter generator 

The up counter increments for each new dot and is used to deterrnine the write position of the dot in the 
DIU buffers for increasing sense data. At the end of each line of dot data (as indicated by line Jin), the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dwu_go_pulse is 
one. 

// Up-Counter Logic 

if (dwu_go_pulse == 1) then ( 

up_cnt[10:0] ■ 0 
elsif (line_fin == 1 > then 

// round up 

if (up_cnt[8:l) ■ = 0) 
up_cnt (10: 9J++ 

else 

up_cnt (10: 9 J 

// bit-selector 

up_cnt (7: 0] =0 

elsif ( (dnc_dwu_avail == 1) and ( dwu_dnc_ready == 1 ) ) then 
up_cnt (7:0] ++ 



30.7.5.4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu^go _pulse bit is one the lower bits (i.e. 8 to 0) 
of the counter are reset to line size value (line^size), and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The counter is active when valid dot data is present, i.e. dnc_dwujavail equals 1. 

When the end of line is detected (line Jin equals 1) the counter is rounded to the next 256-bit word, and the 

lower bits are reset to the line size value. 

//Down -Counter Logic 

if (dwu_go_pulse == 1) then 
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dn_cntI8:0) s line_size [8 : 0) 
dn_cnt(10:9) = 0 
elsif <line_fin == X ) then 
// perform rounding up 
if (dn.cnt[8:l] i= 0) 

dn_cnt[l0:9]«-+ 
else 

dn_cnt [10:9] 
// bit-select is reset 

dn_cnt [8 :0) =line_gize(8:0] // bit select bits 
elsif ( (dnc_dwu_avail == 1) and (dwu_dnc_ready == 1 ) ) then 
dn__cnt [8:0] — 
dn_cnt(10:9)++ 



The dot counter simply counts each active dot received from the DNC. It sets the counter to line jsize and 
decrements each time a valid dot is received When the count equals zero the line Jin signal is pulsed and 
the counter is reset to linejsize. 

The counter is reset to line^jsize when dwu^go _pulse is 1. 



The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buffer could be 
implemented with flip-flops should it prove more efficient 



30.7.5.5 Dot counter 



30.7.6 



DIU buffer 
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30.7.7 DIU interface 
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Figure 223. DIU Interface sub-block 



30.7. 7. f D/(/ interface genera! description 

The DIU interface determines when a buffer needs a data word to be transferred to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred- The 
interface determines if further words need to be transferred and repeats the transfer process. 

If the FIFO in DRAM has reached its maximum level, or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC. 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
required to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Go register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dwu_go_pulse signal. 
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30.7.7.2 Interface controller 
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State Description: 

Idle : Idle state wait for active request 

CoIorSelect: Select the color to update before 
requesting to DIU 

Request: Request issued wait for acknowledge 

DataO: Data word 0 transfer 

Datal : Data word 1 transfer 

Data2: Data word 2 transfer 

Data3: Data word 3 transfer 
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Figure 224. Interface controller state diagram 

The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_octive signal). When an active request is received the machine proceeds to the CoI- 
orSelect state to determine which buffers need a data transfer. In the CoIorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color jznt is incremented and the next color is checked. 

In the Request state the machine issues a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DIU (diu_dwu_wack). Once an acknowledge is received the state 
machine clocks through 4 cycles transferring 64-bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the CoIorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator (adr_update) to update the address for that selected color. 

If all colors are transferred (color^cnt equal to 6) the state machine returns to Idle, updating the last word 
flags (group Jin) and request logic (reqjupdate). 

The dwu_diu_wvalid signal is a delayed version of the buf_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu _go _pulse is 1 . 
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30 J. 7.3 Address generator 

The address generator block maintains 12 pointers {color _adr[U:0J) to DRAM corresponding to current 
write address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req_sel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 

The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the line position in the FIFO. The programming of the color Jbase_adr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the colorjbasejadr specifies the address of the first 
word of first line of the fifo, whereas for decreasing sense colors the color J>ase_adr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu_go_pulse is 1) is the colorjbose_adr. For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
indicated by lasted from that read pointers) the pointer is also incremented. If the word is the last word in 
a line, and the line is the last line in the FIFO (indicated by fifo^end from the line counter) the pointer is 
reset to colorjbasejadr. 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _go ^pulse is 1) is the 
color Jbase_adr. For each line of decreasing sense color data the pointer starts at the line end and decre- 
ments to the line start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by color Jinejnc * 2 + 1. One line length to account for 
the line of data just written, and another line length for the next line to be written. If the word is the last 
word in a line, and the line is the last line in the FIFO the pointer is reset to the initialization value (i.e. 
color Jbase_qdr), 

The address is calculated as follows: 

if (dwu_go_pulse =■ i) then 

color_adr(ll;0] = color_base_adr(U :0) (21 : 5) 
elsif (adrjupdate *= 1) then { 

// determine the color 

color » req_sel(3:0] 

// line end and fifo wrap 

if ( <fifo_end( color) == 1) AND (last_wd 1)) then { 
// line end and fifo wrap 

color„adr [color] =» color_base_adr (color] (21 : 5) 
) 

elsif ( last_wd 1) then { 

// just a line end no fifo wrap 

if (color_line_sense (color % 2] == 1) then // increasing sense 

color_adr (color) 
else // decreasing sense 

color_adr (color) » color__adr [color] + { color_line inc * 2) + 1 

> 

else { 

// regular word write 

if <color_line_sense (color % 2] 1) then // increasing sense 

co lor^adr (color] ++ 
else // decreasing sense 

color_adr (color) -- 

) 

) 

// select the correct address, for this transfer 
dwu_diu_wadr = color_adr [ req_sel ] 
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30.7.7.4 Line count 

The line counter logic counts the number of dot data lines stored in DRAM for each color. A separate 
pointer is maintained for each color. A line pointer is updated each time the final word of a line is trans- 
ferred to DRAM. This is determined by a combination of adr_update and last_wd signals. The pointer to 
update is indicated by the req^el bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifojsize. If a counter is zero the fifo_end signals is set high to indicates 
to the address generator block that the line is the last line of this colors fifo. 

If the dwu_go_j>ulse signal is one the counters are reset to color Jifo_size. 

if (dwu_go_pulse « 1) then 

line_cntCll:0] = color_f ifo_size[ 11 :0J 
elsif (<adr_update == 1) AND (last_wd ==1)) then { 

// determine the pointer to operate on 

color = req_sel[3:0] 

// update the pointer 

if <line_cnt [color) =» 0) then 

line_cnt (color) = color_f if o_size{ color) 

else 

line_cnt[i) 

) 

// count is zero its the last line of fifo 
for<i=0 ;i <12;i*+){ 

fifo_end[i) = <line_cnt[i) == 0) 

) 

30.7.7.5 Read Pointer 

The read pointer logic maintains the buffer read address pointers. The read pointer is used to determine 
which 64-bit words to read from the buffer for transfer to DRAM. 

The read pointer logic compares the read and write pointers of each DIU buffer to determine which buffers 
require data to be transferred to DRAM (pend[U:0] bus), and which buffers are full (the bufjull signal). 
Only enabled buffers are considered as indicated by the color ^enable bus. 

Buffers are grouped into odd and even buffers groups. If an odd buffer requires DRAM access the 
odd_pend signals will be active, if an even buffer requires DRAM access the even _j?end signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the reqjotctive 
signal, with the oddjeven^el signal determining which group of buffers get serviced. The interface con- 
troller will check the color^enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to update the requests pending via 
reqjupdate signal. 

The reqjsel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even_fel signal and the color _cnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_?el 
determines which pointer should be incremented. 
// determine which buffers need updates 
for( i=0; i<12; i*+) { 

// determine if recjuest is active, filtered by color enable 

if { wr_adr{iH3:2J •« rdLadr [ i ] [3 : 2 ) ) 
pend(i) = color_enable( i / 2) 

else 

pend(i] = 0 
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// determine if any enabled buffer is full 

if ((wr_adr[i) [3:0] - rd_adr [ i) [ 3 : 0] ) > 7> AND (color_enable [ i / 2] == 1)) then 
buf.full = 1 

) 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10) 
oddLpend = ( pend[l] | pend[3) | pend(5] | pend(7) | pend[9) | pend[ll) ) 
even_pend = ( pendlOJ | pend(2J | pend(4] j pend[6) j pend(8J j pend{10] ) 
// fixed servicing order, only update when controller dictates so 
if (req_update == 1) then { 

if (even__pend == i> then // even always first 

odd_even_sel = 0 
requactive = 1 
els if (odd_pend == 1 ) then // then check odd 
odd_even_sel = 0 
req_active * 1 
else // nothing active 

odd_even__s el = 0 
req__active = 0 

) 

// selected requestor 

req_sel(3:01 = {color_cnt 12 :0) , oddLeven_sel> // concatentation 

The read address pointer logic consists of 12 2-bit counters and a word select pointer. The pointers are 
reset when dwu_go_puhe is one. The word pointer (word _ptr) is common to all buffers and is used to read 
out the 64-bit words from the DIU buffer It is incremented when buf_rd_en is active. If the word j>tr is 3 
and the buf_rd_en is active the selected read pointer {rd _ptr[req__sel]) will be incremented. A concatena- 
tion of the read pointer and the word pointer are use to construct the buffer read address. The read pointers 
are not reset at the end of each line. 
// determine which pointer to update 
if (dwu_go_pulse == 1) then 

rd_ptr{ll:0] - 0 

word__ptr «= 0 

elsif <buf_rd_en == 1) then { 

word_jptr++ 

if (word_ptr == 3 ) then 
rd_ptr [ reqL_sel ) ♦+ 

) 

// create the address from the pointer, and word reader 
rd_adr(req_sel] = <rd_ptr (req_sel) ,word_Ptr) // concatenation 

The read pointer block determines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator. 

// line end set the flags 
if (dwu_go_pulse == 1) then 

last_flag[l :0](1:0J = 0 
elsif (line_fin == 1 ) then 

//'determines the current 256-bit word even been written to 

last^f lag[0} [wr_adr[0] {2H =1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(l] [wr_adr[l] [2]] =1 // odd group flag 
// last word reflection to address generator 
last_wd = last_f lag [odd_even_sell [ rd_ptr [req_sel) (0) ] 
// clear the flag 
if (group_fin »= 1 ) then 

last_f lag(odd_even_sel) Crd_ptr [ reQ_.se 1) [03 ] - 0 

When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse the line Jin signal. The DWU must wait until all enabled 
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buffers are transferred to DRAM before signaling the LLU that a complete line is available in the dot line 
store (dwujlujine_wr signal). When the line Jin is received all buffers will require transfer to DRAM. 
Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 
the LLU is generated from the last Jlag of the odd group. 

// must be odd, odd group transfer complete and the last word 
dwu_llu_line_wr =» odd_even_sel AND group_fin AND last_wd 
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31 Line Loader Unit (LLU) 



31.1 Overview 



The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 
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Figure 225. High level data flow diagram of LLU In context 



31 .2 Physical requirement imposed by the printhead 

The DWU re-orders dot data into 12 separate dot data line FIFOs in the DRAM. Each FIFO corresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interface. The LLU decides when data should be read from the dot data line FIFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The interaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical spread of nozzles firing over several lines at 
once. For further explanation see Section 30 Dotline Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI). Figure 226 shows the physical relationship of nozzle rows and the line time the LLU starts 
reading from the dot line store. 
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Figure 226. Paper and printhead nozzles relationship (example with D^ = D 2 = 5) 
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Within each line of dot data the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 
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Figure 227. Printhead structure and dot generate order 



31 .3 Dot generate and transmit order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The LLU reads data 
from the dot line FIFO, generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
transmit order for transfer to the printhead 

The DWU separates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM. The order is programmable but for 
descriptive purposes assume even in increasing order and odd in decreasing order. The dot order structure 
in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
decreasing order and the even dot generator produces dot data in increasing order. 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin number of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 

At the start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreshold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue until the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing the PHI to 
stall and potentially generate a print error. The FifoReadThreshold should be chosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoReadThreshold level in the dot line FIFO is reached. 

Once the FifoReadThreshold is reached the LLU begins page processing, the FifoReadThreshold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the current page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM. For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that color. ColorRelLine [N] specifies the number of lines separating 
the half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contain null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine [0] =5, ColorRelLine [1] =0, ColorRelLine [2] «15, ColorRelLine [3] 
=10.. etc. 
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It is possible to turn off any one of the color planes of data (via the Color Enable register), in such cases the 
LLU will generate zeroed dot data information to the PHI as normal but will not read data from the 
DRAM. 



31.4.1 LLU bandwidth requirements 



The LLU is required to generate data for feeding to the printhead interface, the rate required is dependent 
on the printhead construction and on the line rate configured. The maximum data rate the LLU can pro- 
duce is 12 bits of dot data per cycle, but the PHI consumes at 12 bits per phiclk cycle (2/3 pclk rate), i.e. 8 
bits per pclk cycle. Therefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
cycle on average. If 1.5 buffering is used then the peak bandwidth requirement is doubled to 16 bits per 
cycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate. 
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31 .5 Implementation 



31.5.1 LLU partition 
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Figure 229. LLU partition 



31 .5.2 Definitions of I/O 



Table 156. LLU I/O definition 




Clocks and Resets 



polk 


1 


(n 


System clock 


prst_n 


1 


tn 


System reset, synchronous active low 


PHI Interface 
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Table 156. LLU I/O definition 





US 




llu_phLdata[1:0][5:0] 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active in llu _phi_ avail bus 


phijlu_ready!1 :0] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 - Odd dot data stream 


llu_phi_avail[1:0] 


2 


Out 


Indicates valid data present on corresponding llu _phl_data. 

0 - Even dot data stream 

1 - Odd dot data stream 


D1U Interface 


llu_diu_rreq 


1 


Out 


LLU requests ORAM read. A read request must be accompanied 
by a valid read address. 


Itu_diu_radrl21 :5] 


17 


Out 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_llu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted and 
new read address can be placed on llu_diu_radr 


diu_dataI63:0] 


64 


In 


Data from DIU to LLU. Each access is 256- bits received over 4 
clock cycles 

First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_Du_rvaUd 




In 


Signal from DIU telling LLU that valid read data is on the diu data 
bus 


DWU Interface ! 


dwujlujine_wr 




In 


DWU line write. Indicates that the DWU has completed a full line 
write. Active high 


llu_dwujine_rd 




Out 


LLU line read. Indicates that the LLU has completed a line read. 
Active high. 


dwujlu_cfifosize[1 1 :0][7:0] 


12x8 


In 


Indicates the number of lines in the FIFO before the line increment 
will wrap around in memory. 


PCU Interface 


pcujlu_sel 




In 


Block select from the PCU. When pcu_llu_seJ is high both pcujadr 
and pcu_dataout are valid. 


pcu_rwn 




In 


Common reaoVnot-wrtte signal from the PCU. 


pcu_adrf7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout{31 :0] 


32 


In 


Shared write data bus from the PCU. 


llu _pcu_rdy 


1 


Out 


Ready signal to the PCU. When Uu_pcu„rdy\a high it indicates the 
last cycle of the access. For a write cycle this means pcujdaXaout 
has been registered by the block and for a read cycle this means 
the data on tlu_pcu_data is valid. 


Hu_pcu_data{31:0] 


32 


Out 


Read data bus to the PCU. 



31.5.3 Configuration registers 

The configuration registers in the LLU are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
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LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide 2eros should be returned on the upper unused 
bit(s) of llu^pcujdata. Table 1 57 lists the configuration registers in the LLU. 



Table 157. LLU registers description 



ISM 






Control Reg 1st 


ers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wiP cause a LLU block reset 


0x04 


Go 


1 


0x0 


Active high bit intfcating the LLU is programmed and 
ready to use. A low to high transition will cause LLU 
block internal states to reset 


Configuration 




0x06-0x38 


ColorSaseAdrpi:03 


12x17 


OxOOOO 
0 


Specifies the base address On words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C 


CoJorEnable 


6 


0x3F 


indicates whether a particular color is active or not. 
When inactive no data is written to ORAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x40 


LineSize 


16 


0x0000 


Indicates the number of dots per line. 


0x44 


RfoReadTh res hold 


8 


0x00 


Specifies the number of lines that should be in the 
FIFO before the LLU starts reading. 


0x48 - 0x78 


ColorRe!Line[11:0] 


12x8 


0x00 


Specifies the relative number of ines to wait from the 
first before starting to read dot data from the corre- 
sponding dot data FIFO 
Bus 0,1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4,5 - Even, Odd line color 2 
Bus 6,7 - Even, Odd line color 3 
Bus 8,9 - Even, Odd line color 4 
Bus 10, 11 - Even, Odd line color 5 


Working Registers 


0x7C 


RfoRHLevel 


6 


0x00 


Number of lines in the dot line FIFO, line written in but 
not read out. (Read Only) 



A low to high transition of the Go register causes the internal states of the LLU to be reset All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the llu _go _pulse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read from DRAM. It is derived from 
the LineSize register by rounding up the nearest 256-bit value. The same value used for all half colors. 

if <line_sire[7:0] !=0 ) then 

color_line_inc [7 :0] = line_size ( 15 : 8] ♦ 1 
else 

color_line_inct7 :0] = line_size [ 15 : 8) ; 
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31 .5.4 Dot generator 




Bne_size 



Dot count 



dol_active 



►dot_avail 




— ► <k>t_data 



Figure 230. Dot generator RTL Diagram 

The dot generator block is responsible for reading dot data from the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for Hubert signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of the dot generator, one generating odd data and the other generating 
even data. 

At any time the ready bit from the PHI could be de-asserted, if this happens the dot generator will stop 
generating data, and wait for the ready bit to be re-asserted. 



31.5.4.1 Dot count 



In normal operation the dot counter will wait for the llu_en and the ready to be active before starting to 
count. The dot count will produce data as long as the phijlu_ready is active. If the phijlu_ready signal 
goes low the count will be stalled. 

The dot counter increments for each dot that is processed per line. It is used to determine the line finish 
position, and the bit select value for reading from the DIU buffers. The counter is reset after each line is 
processed (line Jin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note that odd numbers of dots will be rounded down). 
// define the line finish 

if <dot_cnt[14:0] == line_size I 15 : 1 ) ) Chen 

line_fin = 1 
else 

line_fin = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1) AND (phi_llu_ready == 1) AND <buf_emp °= 0)) 
// counter logic 
if (llu_go_pulse == 1) then 
dot_cnt = 0 

elsif < (dot_active == 1) AND (line_fin == 1)) then 

do t_cn t a 0 
elsif (dot_active == 1) then 

dot_cnt = dot_cnt ♦ 1 
else 

dot_cnt = dot_cnt 
// calculate the word select bits 
bit_sel (5 :0] := dot_cnt[5:0] 
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The dot generator also maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when llu^go^pulse is 1. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word. This allows for more efficient use of the DIU buffers at line finish. 

// read pointer logic 
if <llu_go_pulse == 1) then 
reacL_adr = 0 

elsif (( dot_active == 1) AND <dot_cnt(5:0] = 63 ) ) then 

readme dr «•■► // normal increment 

elsif (( dot_active == 1) AND (line_fin — 1 ) ) then { 
// special end of line case 
if (dot_cnt(7;0] \= 0) then 

r ead_adr [ 3 : 2 ) // end of line round up 

read_adr {1 :0J = 0; 

} 

31.5.5 Fifo fill level 

The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end (dwujlujine_wr active pulse) it increments the filllevel Conversely if the LLU detects a 
line end Qine_rd pulse) the filllevel is decremented and the line read is signalled to the DWU via the 
llu_dwu_line_rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled. It waits for the DWU to write lines to the 
dot line FIFO, and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold (fifo_read_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llu_en high. Once the LLU has started processing dot data for a page it will not 
stop if the filllevel falls below the threshold. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the Fi/oFillLevel regis- 
ter. The CPU must toggle the Go register in the LLU for the block to be correctly initialized at page start 
and the fifo level reset to zero. 

if (llu_go_pulse ** 1) then 
filllevel = 0 

elsif ((line_rd »« 1) AND (dwu_llu_line_wr == 1)) then 

//do nothing 
elsif <line_rd == 1) then 

filllevel 
elsif (dwu_l lu_line_wr ==s 1 ) then 

filllevel ++ 

// determine the threshold, and set the LLU going 
if (llu_go_pulse 1) then 
llu__en = 0 

elsif {filllevel == f if o_r e a d_ threshold } then 
llu_en = 1 
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31.5.6 DIU interface 
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Figure 231. DIU interface 
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31.5.6. 1 DIU interface description 

The DIU interface block is responsible for determining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating llu_en signal. The DIU interface controller then 
issues requests to the DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface detennines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 
For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color_enable bus determines which colors are enabled, the interface never issues DRAM 
requests for disabled colors. 
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S3 



31.5.6.2 interface controller 



Reset Off ITa no oul*««-i 




ccforjcnt 



Q Request^ lu_diu_rreq .1 



Machine remains in same state by default 
All outputs are zero unless otherwise slated 
State Description: 

Idle : Idle state wart for active request 

ColorSelect Select the color to update before 
requesting to DIU 

Request Request Issued wait for acknowledge 

DataO: Data word 0 transfer 

Datal : Data word 1 transfer 

Data2: Data word 2 transfer 

Oata3: Data word 3 transfer 



tfu Wu racket 

adr_update-l 



DataO 



wr_nol m -cotor_stan(co*or __cnt| 



^ Datal 



wr_no(l - H»tor_starl(cQlor_CTrt) 



( Data2 ) 



.null - -co*0 r_startlcotof_cnt] 



rfci ttu dvalki— 1 OR rffl nufesl 



Data3 ^ 



wrtte_en • 1 

wtjhjU - -co*or_«tart(cotor_cntj 



Figure 232. Interface controller state diagram 

The interface controller co-ordinates and issues requests for data transfers from DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller (llu_en) and a request for data transfer is 
received from the write pointer block. 

When an active request is received (req_active equals 1) the state machine jumps to the ColorSelect state 
to determme which colors {color_cni) in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled (color^enable) the count just increments, and no data is 
transferred. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and does not 
issue a request to DRAM. 

The state machine determines if a null transfer is required by checking the color jstart signal for that color. 
If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jumps 
directly to the data transfer states {DataO to Data3). The machine clocks through the 4 states each time 
writing a null 64-bit data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to determme if further transfers are required. 

If the color_start is active then a data transfer is required The state machine jumps to the Request state 
and issue a request to the DIU controller for DRAM access by setting llujliu^rreq high. The DIU 
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responds by acknowledging the request (diujlu_rack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
{adrjupdate). The state machine clocks through DataO to Data3 states each time writing the 64-bit data 
into the buffer selected by the req_sel bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color jcnt is 6) the state machine will return to the Idle state. On transition it will update the word counter 
logic (wordjdec) and enabled the request logic (reqjupdate), 

A reset or llu_go_puUe set to 1 will cause the state machine to jump directly to Idle, The controller will 
remain in Idle state until it is enabled by the LLU controller via the llujen signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level. 

31.5.6.3 Color activate 

The color activate logic maintains an absolute line count indicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the llu_go_pube is 1 and incremented each time a line^rd 
pulse is received. The count value (line_cnt) is used to determine when to start reading data for a color. 

The count is implemented as follows: 
if < llu_go_pulse == 1) then 

line_cnt - 0 
elsif ( line_rd »= 1) then 

line_cnt 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data from DRAM for a particular half color. It signals the interface controller block 
which colors are active for this dot line in a page (via the color jstort bus). It is used by the interface con- 
troller to determine which DIU buffers require null data. 

Once the color jstort bit for a color is set it cannot be cleared in the normal page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Go bit and causing a pulse on the 
llu_go_pulse signal. 

Any color not enabled by the color jenable bus will never have its color__start bit set. 

for (i=0; i<12;i*+> { 

if ( llu_go_pulse 1) then 

col_on[i] a 0 
elsif ( color_enable[i % 6] == 1 ) then 

col_on(i} » 0 
elsif < line_cnt «» color_rel_line[ ij ) then 

col_on [ i ] « 1 

) 

// select either odd or even colors 

if { odd_even_sel «= 1 ) then // odd selected 

color_start(5:0J = {col_on[llJ ,col_on[9] , col_on[7) ,col_on[S] ,col_on(3] , col_on[l) } 
else // even selected 

colons tart (5:0) = (col_on(10] , col_on (81, col_on t 6 J ,col_on(4] t col_on C2] , col_on(0) ) 

31.5.6.4 Address generator 

The address generator block maintains 12 pointers (color jadr [1 1:0]) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the reqjsel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line posi- 
tion in the FIFO. 

When a llu_go^pulse is received the pointers are each initialized to the corresponding base address for that 
color (colorjyase^adr). For each word that is read from DRAM the pointer is incremented If the word is 
the last word in a line Qast_wd equals 1) and the last line in the fifo (fifo_end equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if <llu_go_j>ulse == 1) then 

color_adr[ll:0] = color_base_adr [11 : 0 ) [21 : 5] 
elsif { adr_update « 1) then 

if <req_sel == NULL ) then 
//do nothing 

elsif ((fifo_end == 1 ) AND <last_wd »» 1)) then 

color_adr[re<i_sel] = color_base_adr (req_sel) ( 21 : 5 J 

else 

color_adr[re<L.sel] ++ // normal increment 
// select the address pointer 
llu_diu_radr = color_adr [recuse 1 ] 



31.5.6.5 Line pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each color. The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated (adrjupdate equal 1) and the word trans- 
ferred is the last word of a line (Iast_wd equal 1). The line pointer that needs to be updated is selected by 
the req_?el bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding color J\fo_$ize vcdue, otherwise the counter is decremented. 

If the tlu_go_pulse signal is high the counters are reset to its corresponding color Jifo_size value. When 
the counter is zero it sets XhcJifo_end bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if (llu_go_jmlse == 1) then 

line_pt[ll:0] = color^f if o_size ( 11 : 0 ] 
elsif ((adrjupdate == 1) AND (last_wd == 1)) then < 

if (line_pt(req_sel3 == 0) 

line_pt (req_sel) o eolor_f ifo^size [ req_sel ] 

else 

line_pt[req_sel] — 

> 

// select the correct line pointer for comparison 
fifo__end ■ (line_pt [line^pt] == 0) 

31.5.6.6 Write pointer 

The write pointer logic maintains the buffer write address pointers, determines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer determines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pend[U:0] bus), and which buffers are empty (the 
buf^emp signals). Only enabled buffers are considered as indicated by the color _enable bus. 
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Buffers are grouped into odd and even buffers, if an odd buffer requires DRAM access the odd_pend sig- 
nals will be active, if an even buffer requires DRAM access the even j>end signals will be active If both 
odd and even buffer require DRAM access, the even buffers will get serviced first. 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even_sel signal determining which group of buffers get serviced. The interface con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group 
When the transfers are complete it tells the write pointer logic to update the request pending via 
reqjupdate signal. r 

The req_sel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_evenjsel signal and the color _cnt[2:Q] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and write pointer for the corresponding buffer are updated. The reqjsel 
determines which pointer should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for{ i»0; i<l2; i++) { 

// determine if re<juest is active, filtered by color enable 
if ( wr_adr[il [3:21 «= rd_adr [i] [3 :2) ) 

pendti] = 1 
else 

pend[i] = 0 
// determine if any enabled buffer is ea^ty 

if <<wr_adr[ij (3:0] == rcLadr [i] (3 :0] ) AND <color_enable [ i / 2] 1)) then 
buf_emp[ i] = 1 

> 

// Odd half colors (1,3.5,7,9,11). even half colors (0,2,4,6,8,10) 
odd_pend » { pendflj | pend(3] | pendCS] | pend[7) | pend(9J | pendtll] ) 
even_pend = ( pend[0) | pend[2] | pend(4J | pend[6] | pend[8] | pendflOJ > 
// fixed servicing order, only update when controller dictates so 
if (req_update »t= l) then { 

if (even_pend == 1) then // even always first 

odd_even_sel = 0 

req_active - 1 
elsif (odd_pend == 1 ) then // then check odd 

odd_even_3 e 1 = 0 

req_active = 1 

else // nothing active 

odd_e ven_.se! - 0 
redact ive = 0 

> 

// selected requestor 

req_sel[3:0] = {color_cnt [2 : 0] , odd_even_sel} // concatenation 

The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when llu_goj?ulse is one. The word pointer (word_j>tr) is common to all buffers and is used to write 
64-bit words into the DIU buffer. It is incremented when buf_rd_en is active. If the word^ptr is 3 and the 
buf_sd_en is active the selected write pointer {w_ptr [reqjsel]) will be incremented A concatenation of 
the write pointer and the word pointer are use to construct the buffer write address. The write pointers are 
not reset at the end of each line. 

// determine which pointer to update 
if (buf_wr_en s* 1) then ( 

wr_adr (re<i_sel ] 

wr_entreq_sel) » 1 

) 
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// determine which pointer to update 
if (llu_go_pulse == 1) then 

wr_ptr[ll:OJ = 0 

word_ptr = 0 

elsif (buf_r<JLen == 1) then { 

wordLptr** 

if (word_ptr =* 3 ) then 
wr_ptr( req__sel ) ♦ + 

) 

// create the address from the write pointer and word pointer 
wr__adr(rec_sel] = {wr_ptr [req_sel ] , word_ptr) // concatenation 



31.5.6.7 Word count 



The word count logic maintains 2 counters to track the number of words transferred from DRAM per line, 
one counter for odd data, and one counter for even. On receipt of a llu _go _pulse, the counters are initial- 
ized to the color Jinejnc value (number of words per line). When a group of words are transferred to 
DRAM as indicated by the wordjiec signal from the interface controller, the corresponding counter is 
decremented The counter to decrement is indicated by the odd_even_sel signal from the write pointer 
block (even « 0, odd =» 1). 

When a counter is zero the last_wd signal for that group (i.e. odd or even) is set. The last_wd signal indi- 
cates to the address generator that the next word transferred from DRAM for the corresponding color is the 
last word in the line. When the last word actually gets transferred the interface controller will pulse the 
word_dec signal causing the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if (llu__go_pulse ==» 1) then 

word_cnt(0) = color_line_inc // odd count 

word_cnt[l) = color_line_inc // even count 
elsif (word_dec == 1) then { // need to decrement one word counter 

if <word_cnt[odd_even_selJ == 0) then // line finish 

wordLcnt [odd_even_sel J = color_line_inc 

else 

word_cnt [odd_even_sel ] 

> 

// select the correct the last_wd 
last_wd = (word_cnt (odd_e ven_se 1] == 0) 

The word count logic also deterrnines when a complete line has been read from DRAM, it then signals the 
flfo fill level logic in both the LLU and DWU (via line^rd signal) that a complete line has been read bv the 
LLU (Uu__dwujine_rd). 7 
If line finish logic 
if <llu_go_pulse == 1) then 

line_ fin » 0 

line^rd = 0 

elsif (<last_wd 1) AND <line_fin =* 0) AND <word_dec == l ) > then 
line_fin =1 // fi rst group last_wd finish pulse 

line_rd = 0 

elsif <(last_wd «» 1) AND <line_fin == 1) and <word_dec == 1 ) ) then 
line.fin =0 // second group last_wd finish pulse 

line_rd = 1 

else 

line_fin = line_fin // stay the same 

line_rd = 0 
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32 PrintHead Interface (PHI) 



32.1 Overview 



The Printhead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhead, 
using the printhead interface mechanism. The PHI generates the control and timing signals necessary to 
load and drive the bi-lithic printhead The CPU determines the line update rate to the printhead and adjusts 
the line sync frequency to produce the maximum print speed to account for the printhead IC*s size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in which dot data is loaded in the printhead. This is dependent on 
the construction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-lithic Printhead Reference document for a complete description of printhead types [10]. 

The printing process is a real-time process. Once the printing process has started, the next Printline's data 
must be transferred to the printhead before the next line sync pulse is received by the printhead Otherwise 
the printing process will terminate with a buffer underlain error. 

The PHI can be configured to drive a single printhead IC with or without synchronization to other 
SoPECs. For example the PHI could drive a single IC printhead (i.e. a printhead constucted with one IC 
only), or dual IC printhead with one SoPEC device driving each printhead IC. 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead to: 

• determine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of the PHI in context. 



SoPEC 



LLU 



PHI 



dot data 



test data, temperature 



Temp data 



control 



CPU 



dot data 



test data, temperature 




BMithic Printhead 

Figure 233. High level data flow diagram of PHI in context 
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32.2 Printhead modes of operation 



The pnnthead has 4 different modes of operations (although some modes are re-used). The mode of oper- 
ation ,s defined by the state of the ourput pins phijsyncl and phi_readl. As both pnnthead ICs are driven 
Se^aT? 58 mode °f operation. The modes of operation are 



Table 158. Prfnthead modes of operation 



wmm 


IBB 








NORMAL 


1 


1 


N/A 


Normal pnnt mode, dot data is docked into the prtnt- 
head shift register, on each farting edge of pN^srcik 


DOT_LOAD/ 
FIRE J NIT 


1 


0 


phi_frcJk=0 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot latch on the falling edge of 
phijsynct, and latched in on the rising edge of 
phljsynct 


phi_srdk=\ 


Fire load mode. Parameter for generating fire pattern 
are loaded into generator, data on phi_ph_data[l :0][0] 
is clocked into the generator on each rising edae of 
phijrdk 


TEST_MODE 


0 


0 


phijfrdk=Q 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot register on the rising edge of 
phijsyncl. identical to DOT_LOAD 


phi_srdk=0 


The pnnthead is in test mode, the temperature delta 
Sigma is clocked out of the printhead on the rising of 
frclk th rough phi_ph_data[1:0](1 ] 
The result of the nozzle test is clocked out of the print- 
head through phi_phjteta[1 :0][0J 


FIRE_GEN 


0 


1 


N/A 


The nozzle test circuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the falling edge of phLsrdk. 

Data is output on phi_ph_data{1:0][l:0] 

The initialised generator creates the fire pattern and 

shift select pattern, and the pattern is clocked into the 

fire shift register and select shift register on the rising 

edge of phi_frdk 



32.3 Data rate equalization 



The LLU can generate dot data at the rate of 12 bits per cycle, where a cycle is at the system clock fre- 
quency. In order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every lOOus (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds — lOOusec) For a 7 3 con- 
structed pnnthead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
input FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

fooMhf * SyStCm d ° Ck ^ * nm at 160MhZ 3,1(1 *" printhcad teterface clock (phiclk) is at 

H.S C £ HI ™VZ tramfet , ^ at the fidl printhead interface rate, the transfer of data to the shorter print- 
Zltli A u7 1? d , sooner 1 than *» lon S er P rfnthe ^ *C. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access requirements overtime 
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the PHI transfers dot data to the printhead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Without Rate equalization (7:3 head) 

h 



100 usee 



phljsynd |J~ 



phLsrclk[1J 



With Rate equalization (7:3 head) 
phijsyncl ~jj 

jzzn 



phl_ph_data[0][1:0]- 



phi_srclk[1] 



LT 



phl_ph_datalOHl:0] 






i 


n 


pWjhdata(1][1:0] 








n 




phusrclk(0J 








m 



u 

_□ 



phl_ph_dataI1Kl:0] 








i 


n 




phi_src!k{0J KB 










m 



Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeadRate[l:0] registers (one per printhead IC). 
The register is a 16 bit bitmap of active clock cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxFFFF then the output rate to the printhead will be full rate, if it's set to OxFOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
100% with a granularity of 1/16 steps. 

Table 159. Example rate equalization values for common printheads 











8:2 


OxFFFF (100%) 


0x1111 (25%) 


7:3 


OxFFFF (100%) 


0x5551(43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2(68.7%) 


5:5 j 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same size (e.g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead ICs, to reduce the read bandwidth from the DRAM. 
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J3 



32.4 Dot generate and transmit order 

Several printhead types and arrangements exists (see Section 35 Memjet Printhead) . The PHI is capable of 
driving all possible configurations, but for the purposes of simplicity only one arrangement (arrangement 0 
- see Section 35 Memjet Printhead) is described in the following examples. 



Dot Transmit 
Order 



O k o o o - 



■ o o o 



m-6 m-4 m-. 



o o o o 



o o o 



m-5 m-3 ro-J 



Type 0 printhead IC 




o o o» 

os+2 iii '4 



■o o o o 



o o o- 



tn + 1 ni O 



t>-4 o-4 n-2 



■O O Q O 



n-i a-3 ifc-1 



Type 1 printhead IC 
Paper 



M - Midway point in dots 
N - Number of dots in a line 



Note: Paper passing under printhead 



5 Lines 



Paper 
I Direction 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd. The PHI constructs the dot transmit 
order streams from the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration the odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the printhead in the direction of the 
arrow, so from the diagram (taking the type 0 printhead IC) even dot data is transferred in increasing order 
to the mid point first (0, 2, 4, .... m-6, m-4, m-2), then odd dot data in decreasing order is transferred (m-1, 
m-3, m-5,...., 5, 3, 1). For the type 1 printhead IC the order is reversed, with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 160 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13S24 dots) page 



mm 




wmmmmmmmmm\ 




TypeO 


Printhead IC 


6 


11160 


0.2,4.8 ,5574,5576,5578 


5579,5577,5575 7,5,3,1 


7 


9744 


0,2.4.8 4866,4868,4870 


4871,4869,4867 7,5.3,1 


6 


8328 


0,2,4,8 4158,4160.4162 


4163,4161,4159 7,5,3.1 


5 


6912 


0,2,4,8 ,3450,3452,3454 


3455,3453,3451 7,5,3,1 


4 


5496 


0,2,4,8 .2742,2744,2746 


2847.2845.2843 7.5.3,1 


3 


4080 


0.2.4,8 ,2034,2036,2038 


2039,2037,2035 7,5,3,1 
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Table 160. Example prfnthead ICs, and dot data transmit order for A4 (13824 dots) page 



2 


| 2664 


0,2.4.8 1326.1328.1330 


1331,1329.1327... 


..7,5,3.1 


Type 1 Prlnthead IC 








8 


11160 


13823.13821.13819. 


.1337.1335,1333 


1332.1334,1336.... 


...13818,13820,13822 


7 


9744 


13823.13821.13819 . 




2040,2042,2044.... 


...13818.13820,13822 | 


6 


8328 


13823,13821,13819 . 


2853,2851,2849 


2848,2850.2852.... 


...13818,13820,13822 


5 


6912 


13823,13821.13819. 




3456.3458.3460.... 


...13818.13820.13822 


4 


5496 


13823.13821,13819. 


4169,4167,4165 


4164,4166,4168.... 


...13818,13820,13822 


3 


4080 


13823.13821,13819. 


4877.4875,4873 


4872,4874.4876.... 


...13818,13820,13822 


2 


2564 


13823,13821.13819. 


5585.5583,5581 


5560.5582,5584.... 


...13818.13820,13822 



32.4.1 Dual Prlnthead IC 

Generate dot order (from the LLU) 



odd Dot stream ^M^B^Mmm^^mmisw^mn 

Even Dot stream 



*sss& 



6912 dock cycles 

Mid 
Point 



Transmit dot order(to the printhead) 
Prfnthead Channel A \^mM^^^^MM^W^M ^ 



Printhead Channel B 



4372 dock cydes 



-*~4- 



2040 dock cycies 



Even dote from Line Y 
Odd dots from Line Y-5 



9744 dock cyctes 



Example: Line with 13824 dots, with 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type 1 printhead, and the even dot generator feeds the type 0 printhead. This continues 
until both printheads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (PrintHeadSize). Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head, so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other. In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 

| 32.4.2 Single printhead IC 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
| transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 

head IC connected to channel A, either channel could be used. The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
| with the printhead size (PhntHeadSizeflJ register) for channel B set to zero and channel A is set to 9744. 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 




4672 clock cydea 



Transmit dot order(to the printhead) pjjf nt 



Printhead Channel A ggg^ 
Printhead Channel B 

4 WZctock cy cles X 4872 clock cycles ► 

* 9744 clock cycles ~ * 



m 



Even dots from Line Y 



HI] Odd dots from Une Y-5 Example: Line with 9744 dots, with 7:0 printhead 

Figure 238, Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead. 



32.4.3 Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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32.5 Print sequence 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized The exact initialization sequence is con- 
figuration dependent, but will involve the fire partem generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to the printhead, the PHI will interrupt the CPU by asserting 
the phijcu_print_rdy signal. The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or the ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMaster SoPEC is satisfied that printing should start, it triggers the LineSync- 
Master SoPEC by writing to the PrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the LineSyncMaster SoPEC will trigger the start of Isyncl pulse generation. The PrintMaster 
and LineSyncMaster SoPEC are not necessarily the same device, but often are the same. For a more in 
depth definition see section 12.3 Multi-SoPEC systems on page 104. 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster which is in turn used to align all SoPECs in a multi-SoPEC system. All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means that the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer under- 
run interrupt, and halts the block. 

For each line in a page the PHI must transfer a full line of data to the printhead before the next line sync is 
generated or received. 

32.5.1 Sync pulse control 

If the PHI is configured as the LineSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number oiphiclk cycles after PrintStart register rising transition is detected. All other signals in the PHI 
interface are referenced from the falling edge of phijsyncl signal. 

If the SoPEC is in line sync slave mode it will receive a line sync pulse from the LineSyncMaster SoPEC 
through the phijsyncl pin which will be programmed into input mode. The phijsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncDeglitchCnt). 

The phijsyncl will remain low for LsyncLow cycles, and then high for LsyncHigh cycles. The phijsyncl 
profile is repeated until the page is complete. The period of the phijsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note that the LsyncPre value is only used to vary the time between the generation of the first 
phijsyncl and the PageStart indication from the CPU. See Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phijsyncl period. Any phijsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer underrun error. 

32.5.2 Shift register signal control 

Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified from the falling edge of the line sync. 
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The phi_srclk (and consequently phi_ph_data) is controlled by the SrclkPre, SrclkPost registers. The 
SrclkPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phi_srclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new phijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer underrun interrupt (phijcujunderrun). 



32.5.3 Firing sequence signal control 

The profile of the phijrclk pulses per line is determined by 4 registers FrclkPre, FrclkLow, FrclkHigh, 
FrclkNum. The FrclkPre register specifies the number of cycles between line sync failing edge and the 
phijrclk pulse high. It remains high for FrclkHigh cycles and then low for FrclkLow cycles. The number 
of pulses generated per line is determined by FrclkNum register. 

The phi ^profile pin is specified in a similar manner by the ProfilePre, ProfileLow, ProfileHigh, ProfileNum 
registers. 

The phijrclk period and the phi_profile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal the ProfileHigh + ProfileLow, and the number of cycles for each in a line time should also be 
equal i.e. FrclkNum = ProfileNum. 

The total number of cycles required to complete a firing sequence should be less than the phijsyncl period 
i.e. ((ProfileHigh + ProfileLow) * ProfileNum)^- ProfilePre < (LsyncLow + LsyncHigh). 
^ LsyncPre 
PrtatStart Edge | j 



LsvncPeriod 



'.^ Lsynctov^ ^ 



LsyncHigh 



phjjsynd 



J 



L 



pfiLsrcfc 



phLpb_data 



phLfrcik 



phi_profil9_ 



.SndkPre 



SrclkPost 



m 



FrdkPre 



RdkHIgh FrdkLow 
-V*- ► 



ProfilePre 



ProfileHigh 



ProfileLow 



Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 

The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijicu^pagejinish signal. A pulse on the phi_icu_pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page terminate abnormally, i.e. a buffer 
underrun, the Go register will be reset and an interrupt generated. 



The PHI will generate an interrupt to the CPU after a predefined number of line syncs have occured. The 
number of line syncs to count is configured by the LineSyncIntemipt register. The interrupt can be dis- 
abled by setting the register to zero. 



The PHI block allows the generation of margins either side of the received page from the LLU block. This 
allows the page width used within PEP blocks to differ from the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line margin length. There are two margins specified 
for any sheet, a margin per printhead IC side. 

The margin value is set by prograrnming the DotMargin register per printhead IC. It should be noted that 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is 1 inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports margin creation cases 1 and 3 described 
below. 



32.5.5 Line sync interrupt 



32.6 



Dot line margin 
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See example in Figure 240. 



Margin 

(200 dots) Print area(4772 dots) 
H H« M 



Line Y-5 



lineY 



Type 0 Head IC (9744 dots) 



Type 1 Head IC (4080 dots) 
paper 



4\ 



Paper 

Direction 



Isynd LT 

Casel 

LLU data 

phi_ph_data 

phLsrcik 

Case 2 



U 



LLU data- 
phi_ph_data _ 
phLsrcik " 

Case 3 

LLU data - 
phi_ph_data _ 
phLsrcik " 



I E 



9544 dots 



Figure 240. Pnnthead timing with margining 



In the example the margin for the type 0 pnnthead IC is set at 100 dots {DotMargin=\0Q) i implying an 
actual margin of 200 dots. 

If case one is used the PHI takes a total of 9744 phi_srelk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 1 00 and last 1 00 dots would be zero but are processed though the SoPEC system consuming mem- 
ory and DRAM bandwidth at each step. 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gining. The phijsrclk still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senario is not sup- 
ported by the PHI because the same effect can be supported by means of case 1 and case 3. 

If case 3 is used the benefits of case 2 are achieved, but the phi_srclk no longer needs to toggle the full 
9744 clock cycles. The phi^rclk cycles count can be reduced by the margin amount (in this case 9744- 
100=9644 dots), and due to the reduction in phi_srclk cycles the phijsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed. Case 3 works by shifting the 
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odd (or even) dots of a margin from line Y to become the even (or odd) dots of the margin Y-4, (Y-5 
adjusted due to being printed one line later). This works for all lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document See section 32.8.3 on page 512. 

32.7 Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount), If a 
dot is used in particular color plane the corresponding counter is incremented. Each counter is 32 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount[N] values to 
be transferred to the DotCount[N] registers (where N is 5 to 0, one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCount[N] registers can be written to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through ther PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32.8 CPU IO CONTROL 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Determine printhead temperature 

• Test for and determine dead nozzles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printhead bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on the printhead pins and the status of the print- 
head input pins can be read directly from the Print HeadCpuIn. The direction of pins is controlled by 
programming PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161. CPU control and status registers mapping to printhead Interface 





Hi 




PrintHeadCpuOut 


1:0 


phi_ph_data_o[0][1 :0) 




3:2 


phLph_data_o[1][1:0] 




4 


phfJsyncLo 




5 


phi_readl 




7:6 


phi_srclk[1 :0] 




8 


phLfrdk 




9 


phi_profile 
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Table 161. CPU control and status registers mapping to prlnthead Interface 









PrintHeadCpuDir 


1:0 


phLph_data_e(0][1:0] direction control. 
1 - output mode 
0- input mode 




3:2 


phi_ph_data_e[1J{1 :0) direction control 
1 - output mode 
0 - input mode 




4 


phiJsyncLe direction control 
1 ^output mode 
0 - input mode 


PrfntHeadCpuIn 


1:0 


phLph_dataJ[0][l:0} 




3:2 


phLph_data_i[l][1:0] 




4 


phi_lsynctj 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead correctly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the following procedures are based on current printhead capabilities, and are subject to change. 

32.8.1 Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and determining which nozzles are dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32. 8. 1. 1 Nozzle test procedure 

The nozzle test software must first initialize the fire pattern generator for each printhead IC as normal, then 
it must initialize the fire pattern register as normal. The fire pattern generator parameters must be chosen 
so as to create a fire pattern where only one nozzle is firing at a time. 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and the right 3 inches. The fire pattern length is equal to the number of dots in a half line (NLEN=n- 
1, where n = 9744 / 2 = 4872), the COUNT«l and B=0. The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT-1, B=0. See Section 32.8.4 for exact details on how to program the 
fire pattern generator. 

Once the generator is setup the nozzle test software puts the printhead into FIREJ3EN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattern. Any test partem could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registers are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE_GEN mode which resets the test circuit, both phijsrclk and phijrclk are held 
inactive. After a pre-determined time the printhead is put in TEST_MODE where the nozzle is tested. 

The test software toggles phi^profile output pin and then samples the test result on the phi_ph_data pin. 
The test software then generates one phi^frclk pulse to advance the fire partem and repeats the profile 
pulse and test result capture as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use by 
the DNC. 



4 FIRE INrT ^ 4 FIRE GEN ^ ^ NORMAL ^ ^IRE GEN ^ j"EST MOD^ fIRE.GEN ^ ^EST.MQgE 

pHJsynd I " n I L I I _ 

phLread) =_ I | ~~" | 

p^-^cnc ZZZZZZ HH^^W 

pw-frd k isggsssgii l^^tiVM;^! fl_ : : 

phtprofile f] [[ 



V » 



phi oh datalO ) \%m&&8i ^^g^^^gl 



fire intt data Test pattern Data Nozzle test result 

Vest Repeated Nozzle times 

Figure 241. Nozzle Test Modes & Setup 



32.8.2 Temperature capture 

Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on the result. 

To capture the printhead temperature, the printhead must be put into TEST_MODE, and the 
phijphjiataj. pin input mode. The CPU will toggle the phijrclk and then sample the phi_ph_dataji to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead temperature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. N) and the temperature value generation mechanism is currently 
undefined. 



^ TEST_MOPE 

phUsyncI | 



phi_readl ' 



Clock 0 Clock 1 Clock N 



phLph_data_i[1) Invalid X Data 0 "X Data 1 X ]'* ... X Data N_ X Invalid 

phLsrclk 



H H 

Wphtctk Clock 
Cycles 

Figure 242. Temperature Capture Waveform 
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32.8.3 Print head initialization procedure 

In order to use the printhead for the first time the CPU must download parameters for controlling the fire 
pattern generator. The download is performed by entering the FIREJNIT mode and data is transferred 
through thephi_ph_jdata[l:0]fO] pins (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge of phi Jrclk. In total 29 clock cycles are required to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 



1 








ten 


NL£N 


14 


Fire pattern length. Values defines the length of the fire pat- 
tern. NLEN=N-1 where N is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cycles required to 
generate the Fire Pattern. Is given by COUNT= (La/2) Mod 
N -1 where 1^ is the dot length of longer printhead or 
COUNT= (1^ - 1* -((4 17) mod N)) Mod N -1 lor the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FIREJ3EN mode and the phi Jrclk is toggled L a 
times, where L a is the length of the longer printhead in dots. As phi Jrclk is a common signal for both 
printheads it means that if the printhead ICs are of different length one printhead IC will get clocked too 
many times by phi Jrclk. The fire pattern generator internal in each printhead IC takes account of this. See 
Section 32.8.4 Fire pattern generator. 

If dot line margining is to be used the dot data registers in the margining region in the printhead IC need to 
be initialized to zero before any line is printed See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NORMAL_MODE and fills the dot data shift register 
with zeros. This is performed by clocking the phijsrclk to each printhead dot margin times for the each 
printhead IC. As phijsrclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 



32.8.4 Fire pattern generator 

The fire pattern generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire pattern generator must be initialized by the SoPEC device before a page can be 
printed. The SoPEC uses the CPU direct IO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32.9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Prlnthead Interface I/O definition 





mm 




wmmimMmmmigm 


Clocks and Resets 


pdk 




In 


System Ctock 


phidk 




In 


Printhead interface dock {dodkf3) used to transfer data from pdk to 
dodk domains 


dodk 




In 


Data out dock (2x pdk) used to transfer data to printhead 


prst_n 




In 


System reset, synchronous active low. Synchronous to pdk 


phirst_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst_n 




In 


System reset, synchronous active low. Synchronous to dodk 


General 


phLtcu_j3rint_rdy 




Out 


Indicates that the first line of data is transferred to the printhead 
Active high. 


phJ_tcu_page_finish 




Out 


Indicates that data for a complete page has transferred. Active high 


phUcu_underrun 




Out 


Indicates the PHI has detected a buffer underrun. Active high 


phMcuJinesyncJnt 




Out 


Indicates the PHI has detected LineSynctntanvpt number of line 
syncs. 


Debug 


debug_data_out(2:0] 


3 


in 


Output debug data to be muxed on to the PHI pins 


debug_cntri[2:0) 


3 


In 


Control signal for each PHI bound debug data line Indicating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


Mu_phLdata[1:0][5:0] 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active in ilu_phi_avai\ bus 


phiJlu_ready[1:0J 


2 


In 


Indicates that PHlis ready to accept data from the LLU 

0 - Even dot data stream 

1 - Odd dot data stream 


Hu_phLavaiIl1:0] 


2 


Out 


Indicates valid data present on corresponding \\ujpfo\_daxa. 

0 - Even dot data stream 

1 - Odd dot data stream 


Printhead Interface j 


phi_ph^data_i(1:0][1:0] 


2x2 


In 


Dot data input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi j>h_data_o(1 :0](1 :0] 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phLph_data_e(1 :0][1:0J 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi_srclk[1:0] 


2 


Out 


pot data shift dock used to dock in printhead data 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 
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Table 163. Prlnthead interface I/O definition 



phLreadl 




HS 


Common prlnthead mode control. Used in conjunction with 
phUsynd to determine the prlnthead mode 

0 - SoPEC receiving, printhead driving 

1 - SoPEC driving, printhead receiving 


phLfrclk 


1 


Out 


Common Fire pattern dock needs to toggle once per fire cycle ~ 


phi_profile 


1 


Out 


Common pulse profile for all colors 


phiJsyncLo 


1 


Out 


Capture dot data for next print line, output mode 


phiJsyncLe 


1 


In 


phijsynd output enable, when high phijsynct pin is driving 


phiJsyncU 


1 


In 


Line Sync Pulse from Master SoPEC 


PCU Interface 


pcu_phi_sel 


1 


In 


Block select from the PCU. When pcu _p/?/_se/ls high both pcu adr 
and pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


phi_pcu_rdy I 


1 


Out 


Read* signal to the PCU. When phi_pcu_/dy\s high it indicates the 
last cycle of the access. For a write cycle this means pcu^dataout 
has been registered by the block and for a read cycle this means 
the data on phi_pcu_data fs valid. 


phi_pcu_data(31 :0J 


32 


Out 


Read data bus to the PCU. 
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32.9.2 PHI sub-block partition 
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Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The configuration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and tuning diagrams for reading and writing registers in the PHI 
Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads and 
writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the PHI. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of phi_pcu_data. Table 164 lists the configuration registers in the PHI 



Table 164. PHI registers description 







mm 


m 




control Reg 


sters 


0x00 


Reset 


i 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wfO cause a PHI block reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the PHI is programmed 
and ready to use. A low to high transition will cause 
PHI block internal state to reset. Will be automati- 
cally reset if a page finish or a buffer underrun is 
detected. 


General Con 


trol 


0x08 


PageLenLine 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


0x0c 


PrintStart 


1 


0x0 


A low to high transition triggers printing to start 
Only active in Master Mode 


0x10-0x14 


DotMargin 


2x16 


0x0000 


Specifies for each printhead IC, The width of the 
margin in dots divided by 2. 

0 - Printhead IC Channel A 

1 * Printhead IC Channel B 


0x18-0x2C 


DotCount[5:0] 


6x32 


0x0000 
_0000 


Indicates the number of Dots used for a particular 
color, where N specifies a color from 0 to 5. Value j 
valid after a write access to DotCountSnap 


0x30 


DotCountSnap 


1 


0x0 


Write access causes the AccumOotCount values to 
be transferred to the DotCount registers. The 
AccumOotCount are reset afterwards. 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead j 
channels A and B 

0 - Normal, specifies bit 0 is channel A, bit 1 is 
channel B 

1 - Swapped, specifies bit 0 is channel B. bit 1 is 
channel A. 


0x38 


PhiWode 


1 


0x0 


Indicates whether the PHI is operating in master or 
slave mode 

0 - Slave Mode 

1 - Master Mode 


0x3C-0x40 


PhiSeriaJOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 - Printhead Channel A 

Bus 1 - Printhead Channel B 

A 0 indicates order ABC, while 1 indicates CBA 
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Table 164. PHI registers description 




0x44-0x48 



PrtntHeadSize 



2x16 



0x0000 



Specifies the number of non-margin dots in the 

printhead ICs. If margining is to be used then the 

configured PrintHeadSize should be adjusted by the 

dot margin value i.e. PrintHeadSize « (Physical- 

PrintHeadSize - (DotMargin m 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 



CPU Direct P 


HI Control (See Table 161 


0 






0x4C 


PrintHeadCpuIn 


5 


0x00 


PHI interface pins input status. Only active in direct 
CPU mode 


0x50 


PrintHeadCpuDir 


5 


0x00 


PHI interface pins direction control. Only active in 
direct CPU mode 


0x54 


PrintHeadCpuOut 


10 


0x000 


PHI interface pins output control. Only active in 
direct CPU mode 


0x58 


PrintHeadCpuCtri 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control mode 


Line Sync Control 


0x5C 


LsyncLow 


16 


0x0000 


Number of phidk cycles phLlsynd should remain 
low. 


0x60 


LsyncHfgh 


16 


0x0000 


Number of phidk eyries phijsynd should remain 
high. 


0x64 


LsyncPre 


16 


0x0000 


Number of phidk cycles between PrintStart rising 
transition and the generated phL Isynd falling edge 


0x68 


LsyncMin Period 


24 


0x00 J) 
000 


Minimum number of phidk cycles between Lsync • 
pulses. Lsync pulses of a shorter period wilt be 
rejected. Only used in slave mode. 


0x6C 


LsyncOeglitchCnt 


4 


0x3 


Number of phidk cycles to filter the incoming Lsync 
pulse from the master. Only used in slave mode. 


0x70 


UneSyncmterrupt 


16 


0x0000 


Number of line syncs to occur before generating an 
interrupt. When set to zero interrupt is disabled. 


Shfft Register Control 


0x74 


SrclkPre 


14 


0x0000 


Number of phidk cycles between phL Isyncl falling 
edge and phi_srdk pulse generation, or printhead 
data transfer 


0x78 


SrclkPost 


14 


0x0000 


Number of phidk cycles aJlowed margin from last 
srdk pulse in a line to before next line sync 


0x7C-Ox80 


PrintHeadRate[1:0] 


2x16 


OxFFFF 


Specifies the active to inactive ratio of phi_src?k for 
the printhead ICs. A 1 indicates Active. 
Bus 0 - Printhead IC channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 


Specifies the dot transmit order to the printhead 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots 

1 - Odd before Even dots 


Fire Control 


0x88 


Profile Pre 


14 


0x0000 


Number of phidk cycles phUsynd falling edge and 
phi_profile pulse generation 
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Table 164. PHI registers description 



mm 


iSilfliJ 






0x8C 


ProfileLow 


14 


0x0000 


Number of phidkcydes pN__profite should remain 
low. 


0x90 


ProfileHigh 


14 


0x0000 


Number of phidk cycles pN_profile should remain 
high. 


0x94 


ProfileNum 


16 


0x0000 


Number of profile pulses per One time. 


0x98 


FrdkPre 


14 


0x0000 


Number of phidk cycles pN^tsynd falling edge and 
phtfrcfk pulse generation 


0x9C 


FrclkLow 


14 


0x0000 


Number of pn/ctfc cycles phi_frdk should remain 
low. 


OxAO 


FrdkHigh 


14 


0x0000 ' 


Number of phidk cycles phijrdk should remain 
high. 


0xA4 


FrclkNum 


16 


0x0000 


Number of phijrdk pulses per line time. 


Working Registers 


OxAB-OxAC 


UneOotCnt 


2x16 


0x0000 


Indicates the number of dot processed in the cur- 
rent line 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


LineCnt 


32 


0x0000 
_0000 


Indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers in the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by different and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 



Some registers can be written to at any time such as the direct CPU control registers (PrintHeadCpuIn, 
PrintHeadCpuDir, PrintHeadCpuOut and PrintHeadCpuCtrl), the Go register and the PrintStart register. 
All registers can be read from at any time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpuJo_wr) which is used to transfer the pin control signals from the pclk domain to the phiclk 
domain. The cpuJo_wr signal is a delayed version of the write enable from the CPU. 

32.9.4 Dot counter 

The dot counter keeps a running count of the number of dots fired for each color plane. The counters are 
32 bits wide and will saturate. When the CPU wants to read the dot count for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 running counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values are reset ' 

// reset if being snapped 
if (dot_cnt_snap == 1) then{ 

dot_count (5 :0) « accunudot_count (5:0} 

accuin_dot_count [5 : 0) = 0 

} 

// update the counts 

for (color=0;color < 6 ; color**) { 

if (accum_dot_count (color] != 0xffff_ffff) { 
// data valid, first dot stream 

data_valid = ( (phi_llu_ready [0] 1) AND (Uu_phi_avail ( 0) == 1)) 
if <(data_valid == 1) AND . (1.1 u_phi_data ( 0] [color] == 1)) then 
accum_dot_count (color] +♦ 
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// data valid, second dot stream 

data_valid = ( <phi_llu_ready [1) « 1) AND <Uu_phi_avail [1) == 1) ) 
if <(data_valid 1) AND (llu_phi_data(l][color] == 1)) then 
accura_dot_count (color J ♦+ 

> 

) 

32.9.5 Sync generator 

The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the Isyncl output based on configured values and control triggers 
from the PHI controller. In slave mode it de-glitches the incoming lsyncl_J signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



FWwotOflnh. oo outsell 

v lsyncL0«1 



— v 

Reset V 



gvne *n«1 AND 

phi mode— master 

count - tsync_pra 

isyncLo - 1 



count— O A NP last Unn « 
count ■ tsyncjow 
l»na_St ■ \ 



CPynt!*Q \ f 
count - I I 



11 



count- 
fine_8t 



count - toyncjow 



SyflC LOW ) lsyncU> - 0 



count - lsyrw_rugh 



coupti-ff 
count - 



j^ ^Sync^igrT^ 



lsynd.0 - 1 



coum«=o AND laai fine s=3 



syttc en— Q 



sync AND 
ptil rnodg?rtl3Yfl 



^SyncWait ^4- 



court *-0 
count - 



fsync gulag — t 

count - 
Bne_*t« 



count - teync^min ^period 



j^ ^yncPeriod^ - 



Machine remains in same stats by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

SyncPre: Count the LsyncPre number of clock cycles 

Count the LsyncLow number of clock 
cycles 

Count the LsyncHigh number of clock 
cycles 

Wait for an input lsync pulse 

Count the LsyncM in period number of dock 
cycles 



SyncLow: 

SyncHigh: 

SyncWalt 
SyncPeriod: 



count =0 
count « lsync_min_period 



lame pulse. — 1 AND cpunil-o 

sync_en »t 



To Reset State 



Figure 244. Sync generator state diagram 



After reset or a pulse on phi_go _j?ulse the machine returns to the Reset state, regardless of what state it's 
currently in. 

The state machine waits until it's enabled (sync_en~\) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or SyncWait depending on whether the state machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and niters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented. When the count is zero the machine proceeds to the SyncLow state pulsing the 
linejst signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the line start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigh number of cycles. While in LsyncLow state the lsyncl_o output is set to 
0 and in SyncHigh the lsyncl_o output is set to 1 . 

When the count is zero and the current line is not the last (lastjine = 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the linejst signal to the PHI 
controller. 

The loop is repeated until the current line is the last {lastjine «=1), and the machine returns to the Reset 
state to wait for the next page start. 

In slave mode the state machine proceeds to the SyncWait state when enabled. It waits in this state until a 
lsync_pulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPeriod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to the SyncPeriod state the linejst signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod state if a Isync _pulse is detected the 
state machine will signal a sync error (via sync^err) to the PHI controller and cause a buffer underrun 
interrupt. 



32. 9.5. 1 Lsyncl input de-glitch 



The IsyncJ input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable states occurring before being passed to the de-glitch logic. 

The input de-glitch logic rejects input states of duration less than the configured number of clock cycles 
(lsync_deglitch_cnt) t input states of greater duration are reflected on the output, and are negative edge 
detected to produce the Isync^pulse signal to the main generator state machine. The counter logic is given 
by 

if ( lsync_i ! = lsync_i_delay ) then 

cnt = lsync_deglitch_cnt 

output_en = 0 
elsif (cnt == 0 ) then 

cnt = cnt 

output_en = 1 
else 

cnt 

outpuc_en = 0 



IsyncJ • 



synchonizer 



lsync_l_delay 



Counter 
Logic 



< 7^ 



lsync_degHtch_cnt • 



Compare 

— z — 



-> Pulse 
Generator 



_OLrtput_en 



tsync_pulso 



Figure 245. Une sync de-glitch RTL diagram 



32. 9. 5. 2 Une Sync Interrupt logic 



The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The number of line syncs it 
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counts before an interrupt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
// implement the interrupt counter 
if (phi_go_pulse ==1) then 

line_count = 0 
elsif <line_st == 1) AND (line_count == 0)) then 

line_eount » linecount_int 
elsif ({line_st 1) AND (line_count != 0)) then 

line_count — 
// determine when to pulse the interrupt 
if (linesync_int «= 0 ) then // interrupt disabled 

phi_icu_linesync_int = 0; 
elsif ((line_st == 1) AND (line_count == 1)) then 

phi_icu_ linesync_int » 1 



32.9.6 Fire generator 



The fire generator block creates the signal profile for the phi Jrclk and phi profile signals to the printhead. 
The profile is based on configured values and is timed in relation to the fire_sync pulse from the PHI con- 
troller block. 



Reset QRofil oo puhg~l 



Reset J 



phi Jrctk - 0 
nre_idy - 1 



flra at— 1 

count » f rcfk_piB 



countl-Q 
count - 



FirePre^ ) 



pN Jrclk - 0 



count»=Q 
count « frcfk_high 



count!-0 
count 



V II — IIV I My ■ * 

f FireHigh J ^k-i 



repeat.count - 



count«=0 
count - Jrclk_k>v 



cpunt>»Q 
count 



phljrc* - 0 



rain1=-0 AND 
repeat count *= Q 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

FirePre: Count the FrclkPre number of clock cycles, 
repeat count set to FrclkNum 

FireHigh: Count the FrclkHigh number of clock cycles 

Fire Low: Count the FrclkLow number of clock cycles 



Figure 246. Fire generator state diagram 

The fire generator consists of 2 identical state machines for creating the phi Jrclk and phi_profile signals 
respectively. 

The machine is reset to the Reset state when phi_go _pulse 1 
rent state. 



s l or the reset is active, regardless of the cur- 



The machine waits in the reset state until it receives a fire_st pulse from the PHI controller. The controller 
will generate a fire^st pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrclkPre value and the repeat counter is loaded with the FrclkNum value. 
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The state machine waits in the FirePre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the FireLow state while the cycle counter is decremented 

When the cycle counter reaches zero and the repeatjcount is non-zero, the repeat_count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat ih&phijrclk generation cycle. The loop is repeated until the repeat_count is zero. In such cases the 
state machine goes to the reset state and waits for the next fire_st pulse. 

When in the Reset state the fire_rdy signal is active to indicate to the controller that the fire generator is 
ready. 

32.9.7 PHI controller 

The PHI controller is responsible for controlling all functions of the PHI block on a line by line basis. It 
controls and synchronizes the sync generator, the fire generator, and datapath unit, as well as signalling 
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back to the CPU the PHI status. It also contains a line counter to determine when a full page has completed 
printing. 



Reset QB phi QQ puteflsgJ 
* Q Reset 



c 



Pfll 00=1 
data st = 1 
Hnejfcount 



=pageJen_Dne 



FirstLine 



> 



fine st«~1 AND 

data fin M 



data nn=t 
line_count - 



^ Printstart"^ prii t f*y «i 



prim sian =1 



date fin ^ 1 AND 

ling count <;paoe ten line 
line count - 



SyncWait ^ sync_en=1 



— 



Ifne st 1 
data_sl = \ 
fire_st = 1 
6ync_st = 1 



LineTrans 



data fin 1 AND 
llna count ~a 1 
line_count- 



fira rdy==-1 
page_fintsh =1 



< 
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data fin 1=1 



ohl pulse==l 



sync_en =1 



-►^Undenun ^ underrun_error =1 



D 



LastLine ] iast_iina«i 

sync_en =1 



Figure 247. PHI controller state machine 



The PHI controller state machine is reset to Reset state by a reset or phi _go _pulse = 1 . 

It will remain in reset until the block is enabled by phi^go — 1 . Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhead (datajst = 1) and the line 
counter will be initialized to the page length (PageLenLine). Once the line is transferred (data Jin from the 
datapath unit) the machine will go to Printstart state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phi_icu_print_rdyy The line counter will also be decremented. It will then wait in 
the Printstart state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register. 

The state machine proceeds to the SyncWait state and waits for a line start condition (line__st =1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controller via the line_st signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start (fire _jt\ the datapath unit to start (data_st) 
and the sync generator to start (sync_st). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (line Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the prmthead Once complete {fire Jin =1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu _page Jnish interrupt to sig- 
nal to the CPU that the page has completed, the phijcuj>agejinish will also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datapath unit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an underrun error is gener- 
ated. The state machine goes to the Underrun state and generates a phi_icu_underrun interrupt to the 
CPU. The PHI cannot recover from a buffer underrun error, the CPU must reset the PEP blocks and re- 
start pnnting. The phi_icu_underrun will also cause the Go register to reset automatically. 



32.9.8 CPU IO control 



The CPU IO control block is responsible for accepting CPU direct IO control signals from the configura- 
tion registers (at pclk frequency) and transferring them to phiclk frequency. It also accepts the input signals 
from the prmthead and re-synchronizes them to the pclk domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mapping of configuration registers to printhead IO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i.e. PrintHeadCpuCtrl — 0) 
the prmthead data pins are always in output mode (phi_ph_data_e = 1), the phijsyncl will be in output if 
the SoPEC is the master, i.e. phijsyncl_e = phi_mode, and readl will be set high. 
The pseudocode for the CPU IO control is: 

if (printhead_cpu_ctrl l) then // CPU access enabled 
// outputs 

phi_ph_data_o[0] (1:0) = printhead_cpu_out [1 : 0 ] 
phi_ph_data_o £ 1 ] [1:0] = printhead_cpu_out [3:2] 
phi_lsyncl__o = printhead_cpu_out 14 ] 

phi_readl = printhead_cpu_out (5 ] 

phi_srclk[l;0] = printhead_cpu_out (7 : 6] 

phi^f rclk = printhead_cpu_out 1 8 ] 

phi__profile = printhead_cpu_out 1 9) 

// direction control 

phi_ph_data_e[0J [1:0] » printhead_cpu_dir [ 1 : 0} 
phi_ph_data_e[l] (1:0] = printheadLcpu_dir [3 : 2 ] 
phi_lsyncl_e » printhead_cpu_dir f 4} 

// input assignments 

printhead_cpu_in[l:0] = synchronize <phi_ph_data_i [ 0 )[ 1 : 03 ) 
printhead_cpu_in [3:2] = synchronize (phi_ph_data_i [1)11:0]) 
printhead_cpu_in[5] = synchronize (phi_lsyncl_i [ 0J{ l : 0] ) 
else // normal connections 
// outputs 

phi_ph_data_o(0J [1:0) = ph_data [ 0 }( 1 : 0] 
phi_j?h_data_o[l] [1:0] « ph_data [1] [ 1 : 0] 
phi_lsyncl_o = l S ync_o 

phi_readl = i 

phi_srclk[l:0] = srclk[l:0] 

Phi_frclk « frclk 

Phi_profile - profile 

// direction control 
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phi_ph_data_e[OJ [1:0) = 0x3 
phi_ph_data_e[l] [1:0] = 0x3 

phi_lsyncl_e = phi — mode // depends on Master or Slave mode 

// inputs 

lsyncl_i « phi_lsync_i // connected regardless 

// debug overrides any other connections 
if <debug_cntrl [0] »» l) then 

phi_frclk = debug_data_out[0) 

phi_readl = pclk 

if (debug_cntrl[l] == 1) then 

phi^profile = debug_data_out [1] 

if (debug_cntrl [2] « 1) then 

phi_lsyncl_o - debug_data_out [2] 

phi_lsyncl_e = 1 

The debug signalling is controlled by the RDU block (see Section 1 1.8 Realtime Debug Unit (RDU)), the 
IO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU. 
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32.9.9 Datapath Unit 



Line Loader Unit (LLU) 



print_h«ad_sizep}- 



J. 



2x8 



3 



Dot Order B 



dot_onJor_mode - 



jeadyfl) 



42 /'2xe 
s 



do«icnt_f8t ; 



■■mfd-pqoutie fin(0| 



DataPath Unit 



Dot Order A 



, *.:s 



print_head_sizo(1> 

data_n — ii 
prin t_^oad_rale(1h 

dot_marflin(1J 



phJ_s«r»aJ_ordeitl) ~? 
phead_swap 




print_head_aize(0] 



print.hea(J_$i2e[0] 
data_st 

print_nead,rate(o] 
doi_maruin(0] 



phL«fi3l_order(0) 
phead_swap 



|_' * pclk domain (160 Mhz) ^ J dodk domain (320 Mrtz) 1 < phidk domain (106 Mhz) 
Figure 248. Datapath Unit partition 
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32.9*10 Dot order controller 

Reset OR Dhf oo oulstol 



< 



ifitQ 



Reset 



dot_order_rdy =1 



data st«a;1 
dot_cnt_rst ** 4 \ 



~ S mode.sel » dot_order_mode 
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Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Linestart: Start processing first part of the line, wart for 
both mid _pt to be active 

LineMid: Switch over wait state allow pipeline to clear 

LineEnd: Line end processing wait for both nne_fin to be 
active 



Figure 249. Dot Order controller state diagram 



The dot order controller is responsible for controlling the dot order blocks. It monitors the status of each 
block and determines the switch over point, at which the connections from odd and even dot streams to 
printhead channels are swapped. 

The machine is reset to the Reset state when phi_go _pulse = 1 or the reset is active. The machine will 
wait until it receives a data_st pulse from the PHI controller before proceeding to the LineStart state. On 
the transition to the LineStart state it will reset the dot counter in each dot order block via the dot_cnt_rst 
signal. 

While in the LineStart state both dot order blocks are enabled (gen__en=\). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
size (i.e. print \_head_size). When a dot order block reaches the mid point it immediately stops processing 
and waits for the remaining dot order block. When both dot order blocks are at the mid point (mid_pt — 
1 1) the controller clocks through the LineMid state to allow the pipeline to empty and immediately goes to 
LineEnd state. 

In the LineEnd state the mode_sel is switched and the dot order blocks re-enabled, in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in LineStart state. The controller 
remains in the LineEnd state until both dot order blocks have processed a line i.e. line Jin = 11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data_st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dot_order_rdy signal. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 527 




SoPEC : Hardware Design 



The dot order controller selects which dot streams should feed which printhead channels. The order can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation. 



Table 165. Mode selection In Dot order controller. 









mmwmmmmmimm 


A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, first half line. 


0 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, first half line. 


1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, second half line. 


1 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, second half line. 


8 


0 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, second half line 


0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 


1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, first half line. 


1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, first half line. 



32.9. 10. 1 Dot order unit 

The dot order control accepts dot data from either dot stream from the LLU and writes the dot data into the 
dot buffer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it's vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received from the 
LLU. The dot order controller resets the dot counter to the printjieadjsize[l5:0] at the start of a new line 
via the dot_cnt_rst signal. The dot count is compared with the printhead size (print Jiead_size[l 5:0] 
divided by 2) to determine the mid point (mid_pi) and the line finish point (line Jin) when the dot counter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
print _headjsize bus. 
// define the mid point 

if <dot_cnt (15:01 == print_head_size [15 : 1} ) then 

mid_pt = 1 
else 

mid _pt = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented. The fill level of the dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU (ready signal) due to 
the dot buffer filling. A suitable threshold value is determined to allow for the full LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by: 

// determine the ready/avail signal to use, based on mode select 
if <mode_sel == 1) then 

dot_active = llu_phi_ avail (0] AND ready 

wr_data = llu_phi_data[0] 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 528 



SoPEC : Hardware Design 



else 

dot_active = llu_phi_avail[l) AND ready 

wr_data = llu_phi_data [ 1] 
// update the counters 
if (do tractive == 1) then ( 

wr_en = 1 

wr_adr +♦ 

if (dot_cnt »« 0) then 
| dot_cnt » print_head_size 

else 

dot_cnt — 

) 

The dot writer needs to determine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for the line finish or the 
dot order controller is waiting for the line start condition from the PHI controller. 

The stall logic is given by: 

// determine when to stall the LLU generator 
f ill_level ss wr_adr - rd_adr 

if (fill_level > (32 - THRESHOLD ) ) then // THRESHOLD is open value TBD 
ready =0 // buffer is close to full 

els if ( gen_en == 0) then 

ready =0 // stalled by the datapath controller 

else 

ready =1 // everything good no stall 
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3Z9.10.2Data generator 
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Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

SrclkPre: Count the SrclkPre number of clock cycles 

DataGen: Read Line Dot data from buffer 

MarginGen: Generate DotMargin number of dots 

SrclkPost: Wait tor SrdkPost number of cycles 



count? =0 j r 
count -X f 

rMarginGen \ 



count- srctKjjost 



eount^-Q AND 
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count«3rcftc_poat 




Figure 250. Data generator state diagram 



The data generator block reads data from the dot buffer and feeds dot data to the printhead at a configured 
rate (set by the PrintheadRate). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller. 

The data generator controller waits in Reset state until it receives a line start pulse from the PHI controller 
(data__st signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter with the 
SrclkPre value. While in this state it decrements the counter. No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size (printjread_size). If margining is to be used then 
the configured print_head_size should be adjusted by the dot margin value i.e. print Jhead_size - 
(physical _j>rintjiead__size - (dot^margin * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead. The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate (PrintheadRate). 

The generator determines the rate by incrementing a rate counter (rate_cni) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate_cnt in the print Jhead_rate bus 
is one data is transferred, otherwise the cycle is skipped- If the PrintHeadRate is set to all zeros then no 
data will ever get transferred. The pseudo-code for the DataGen state is given by: 
// increment the rate count 
rate_cnt ♦+ 

// determine if data should be read 
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rd__data 



// first determine if data is available in buffer 
if (rdUadr != wr_adr ) then 

if <print - head_ratelrate_cnt] == 1 ) then 
dot_active = 1 
gate_srclk = 1 
rd_adr ♦+ 
dot_data 
count — 
else 

dot_active = 0 
gate_srclk » 0 

else 

dot_active = 0 
gate_srclk o 0 

When the counter reaches zero the state machine will jump to the MarginGen state if the configured mar- 
gin value is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to MarginGen 
state it loads the cycle counter with the dot_margin value, and begins to count down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It creates zero dot data words for the margin duration. 

When the counter reaches zero the machine jumps to the SrclkPost state, loads the clock counter with the 
SrclkPost value and decrements. When the count is finished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data generators have completed {data Jin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32.9.10.3 Data serializer 

The data serializer block converts 6-bit dot data at phiclk rates (nominally 1 06 MHz) to 2-bit data at doclk 
rates (nominally 320 MHz). 



phiclk 



i r 



doclk I 
dol_data[5:0) 

ph_data[1 :0] 
mux_sel 

gate_srclk 
gate_srclk_del 
srdk 



Invalid 



3X 



Valid[5:0) 



X 



Valrd(5:0] 



X 



Invalid 



ixiriDczxzxzxxxzxrxixrx 



X 



r 



\ 



I 



L_ 

ij~i_rrj~i_n_n_r 



Figure 251. Data serializer timing 



The srclk is only active when data is available for transfer to the printhead, as enabled by the gate_srclk 
signal. The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gatejsrclk signals are clocked out by the phiclk and 
can only change on the rising of phiclk. 
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The data serializer block allows easy separation of clock gating and clock to logic structures from the rest 
of the PHI interface. All registers in the block are clocked at doclk rates. 



phead_swap - 
dot_dataM5:0] - 

dol_data[1II5:0] - 

phicik 1 

phLseriaLorder 1 

phead_swap- 
gata_srclk(OJ - 

gate_srclkli] - 









doLrfatajnO] J 




6 




dot_datal3:2] ^ 


► 






dot dataF5:4| ^ 




> 







Mux Logic 



doclk • 



->> 



mux sal 



r+> 



gate srdk del 



-> ph_data(1:0| 



Jlock 
late 



- srcik 



Figure 252. Data serializer RTL Oiagram 

The mux logic determines which data bits from the dotjdata bus should be selected for output on the 
phjdata to the printhead. The selection is dependent on the phicik edge, 
if (phicik »= 1) then 

mux.sel = 1 
elsif ( mux_sel =-2 ) then 

raux_sel = 0 
else 

mux_sel++ 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSerialOrder is zero 
the order is dotfL OJ, then dot[3:2] then dot[5:4]. If the register is one then the order is dot [5:4], dot[3:2], 
dot[l:0J. 
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33 Test Units 



33.1 JTAG INTERFACE 



A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and IO testing 
purposes. The JTAG port will provide access to all internal BIST (Built In Self Test) structures. 



33.2 Scan Test I/O 

The SoPEC device will require several test IO's for running scan tests. In general scan in and scan out pins 
will be multiplexed with functional pins. 

33.3 Analog Test Units 

33.3.1 USB PHY Testing 

The USB phy analog macro, will contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3.2 Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 

34.1 Overview 

It is intended that the SoPEC package be a 100 pin LQFP. Any spare pins in the package may be used by 
increasing the number of available GPIO pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 



Table 166. SoPEC Pin Ust 





Mat 




esi 


hhhhbbi 


Clocks and resets 


xtalin 


1 


I 


TBD 


N/A 


xtalin 


Crystal Input pin 


xtalout 


1 


O 


TBD 


N/A 


xtalout 


Crystal output pin 


reseL_n 


1 




LVTTL 


2.5v 


reset_n 


Asynchronous active low reset 


Printhead Interface 


ph_data[0][0] 


2 


O 


LVOS 


3.3v 


pnLpn_data_o[0][0] 


Dot data tor colors 0-2 tor Printhead 0. 
Using differential signaling 






1 


LVTTL 


3.3v 


phi_ph_data_i(0] 


Input mode bit used for nozzle test 
result printhead 0 


ph_data[0][1J 


2 


o 


LVDS 


3.3v 


phi_ph_data_c{0][lj 


Dot data for colors 3-5 for Printhead 0. 
Using differential signalling 






1 


LVTTL 


3.3V 


phLph_data_i(1] 


Input mode bit used for temperature 
data printhead 0 


ph_data(l)[0) 


2 


o 


LVDS 


3.3v 


phl_ph_data_o[1J[0J 


Dot data for colors 0-2 for Printnead 1. 
Using differential signalling 






1 


LVTTL 


3.3v 


phi_ph_dataJI1] 


Input mode bit used for nozzle test 
result printhead 1 


ph_data(lftl] 


2 


o 


LVDS 


3.3v 


phl_ph_data_o(1K1J 


Dot data tor colors 3-5 for Printhead 1 . 
Using differential signalling 






1 


LVTTL 


3.3v 


phi_pfudata_i{1) 


Input mode bit used for temperature 
data printhead 1 


srdk(0] 


2 


o 


LVDS 


3.3v 


phi_srclk(0] 


Differential dot data shift clock for prim 
headO 


srdkfl] 


2 


o 


LVDS 


3.3v 


pnl_srclk(1J 


Differential dot data shift clock for print 
head 1 


read! 


1 


o 


LVTTL 


3.3v 


phLreadl 


Common Print head mode control 


frdk 


1 


o 


LVTTL 


3.3v 


phijrclk 


Common Fire pattern shift clock, needs 
to toggle once per fire cycle 


profile 


1 


0 


LVTTL 


3.3v 


phi ^profile 


Common Pulse profile for all colors 


IsyncJ 


1 


0 


LVTTL 


3.3V 


phiJsyncLo 


Line Sync output from Master to Slaves 






1 


LVTTL 


3.3v 


phiJsyncU 


Line Sync input to Slaves from Master 


USB Connections 


usbd 


2 


I/O 


Differen- 
tial 


3.3V 


Direct Phy Connection 


USB differential data 


JTAG 


tdo 


1 


o 


CMOS 


2.5v 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


trns 


JTAG Test mode select 


tdi 


1 


1 


CMOS 


2.5v 


tdJ 


JTAG Test data In port 


tck 


1 


1 


CMOS 


2.5v 


tck 


JTAG Test access port dock 


Genera! Purpose IO 
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Table 166. SoPEC Pin List 



aoiOi3 01 


4 


O 


CMOS 


2.5v 


«pk>_o[3:0] 


Motor control pins / general purpose 
Output 






I 


CMOS 


2.5v 


gj*>_i|3:0] 


General purpose Input 




4 


o 


High 
Drive 
CMOS 


2.5v 


9Pk>_o[7:4] 


LED driver pins / general purpose Out- 
put 






1 


CMOS 


2.5v 


QpioJ[7:4] 


General purpose Input 


gpfo{U:8J 


4 


o 


Opeo col- 
lector 


2.5v 


gpio_o(1t:8] 


LSS interface pins / general purpose 
Output 








CMOS 


2.5v 


gpk>_i[11:8] 


LSS Interface pins / general purpose 
Input 


gpio[l3:i2J 


2 


o 


CMOS 


2.5v 


9pio_o{13:12) 


ISI Interface pins / general purpose 
Output 






1 


CMOS 


2.5v 


gpk)J[13:12] 


ISI interlace pins / general purpose 
Input 


Test Pins 




test_enable 


1 


1 


CMOS 


2.5v 


TBD 


Test Enable 


gene ric_ test 


5 


I/O 


CMOS 


2.5v 


TBD 


Generic test pin, function undefined 


Total Signal 
Pins 


45 














Power Pins 




god 


18 


1 


Power 


N/A 


gnd 


gnd 


vdd 


10 




Power 


N/A 


vdd 


vdd 1 .5v, core voltage 


vdd250 


3 


1 


Power 


N/A 


vdd250 


vdd 2.5v. IO voltage 


vdd330 


5 




Power 


N/A 


vdd330 


vdd 3.3v. IO voltage 


Total Pins 


81 
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35 Mem jet Printhead 

This section is quoted verbatim from SoPEC/MoPEC Bilithic Printhead Reference document [10]. 

35.1 Background 

Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the their possible 
arrangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 

35.2 Companion Documents 

Currently, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This document relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 

35.3 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead- used in a system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to K + ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left or the right of 

K + where K + is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 35.4. This gives 4 pairs of printheads. However, 
because the paper can flow in either direction with respect to the printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type I printhead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 

Figure 253 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2]. 
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While the printheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that in a typical system, a pair of unequal sized printheads may be used. 

i ^ 



oo o 



Color n 



* Q O O 



e-Q I a o o 



o o o 



Color n 



o OO 



Type 0 printhead 

v+ 



Type 1 printhead 



OO Q 



Color n 



t o o o 




o o o 



Color n 



O OO 



Type 2 printhead 



Type 3 printhead 



Color 



oc o 



O O P & o o 



O OO 



Color n 



O O O i 



Type 4 printhead 



Type 5 printhead 



O O O 



Color n 



OO O 

~5 




Color n 



o o»o 



o o o« 



Type 6 printhead 



Type 7 printhead v 

Figure 253. Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type, with respect to the flow of 
paper, for the 8 possible arrangements 

Table 167, Definition of the different printhead arrangements 



^^^^^^^^^^^^^^^^ 


^Pnntheafl;onnefti sj.de^ 
^^^^^^^ct^tgj^^^^^^ 


!^8rmtjjead \onma ht rSide^M 
^^^^^^^^^^^^^^^ 






Arrangement 1 


TypeO 


Type 1 


Arrangement 2 


Type 1 


Type 0 


Arrangement 3 


Type 2 


Type 3 


Arrangement 4 


Type 3 


Type 2 


Arrangement 5 


Type 4 


Type 5 


Arrangement 6 


TypeS 


Type 4 


Arrangement 7 


Type 6 


Type 7 


Arrangement 8 


Type 7 


Type 6 
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35.4 



BlUTHIC PRINTHEAD SYSTEMS 



When using the bilithic printheads, the position of the power/gnd bars coupled with the physical footprint 
of the printheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page, e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads, this docu- 
ment only presents two of them, Arrangement 1 and Arrangement 2, for purposes of illustration. These 
two arrangements are discussed in subsequent sections of this document. However, the other 6 possibilities 
also need to be considered 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow. Because of this, the dot data has to be loaded differently in Arrangement 1 compared to 
Arrangement 2, in order to render the page correctly. 



Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 



35.4.1 Example 1: Printhead Arrangement 1 
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Type 0 Printhead 



Type 1 Printhead 
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Color I 
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n-6 o-4 n-2 
n-5 n-3 o-t 

— o oo 
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*Q Q O 
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ra-6 m-4 ml 



e-e 



m+2 m+4 

o Q 



Color 0 



QOQ 4 

q-6 n-4 n-2 
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— o o »o 
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The printheads are facing downwards. 

The ink is being shot down onto the page. ,-5* recti £ n 

of Paper Flow 



Figure 254. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color O-dot 0 appears on the left side of the printed page. 



Table 168. Order in which the even and odd dots are loaded for printhead Arrangement 1 





^Dot;£ens^| 


^^^O^'r^ea^S^ 


#Jy^j2WQttieadM 






Odd 


Loaded second in 
descending order. 


Loaded first in 
descending order. 






Even 


Loaded first in 
ascending order. 


Loaded second in 
ascending order. 
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Figure 255 shows how the dot data is demultiplexed within the printheads. 

Type 0 Printhead Type 1 Printhead 
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Figure 255. Demultiplexing of data within the printheads in Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1 , to ensure that color 0-dot 0 appears on the left side of the printed page. 

DatafO] <^*§j>SX^^ 
Datafl] <©>@X6^ 

srcik njn_j\JiJTjnjnjnj^^ 

Figure 256. Signalling for a Type 0 printhead in Arrangement 1 

DatafO] <§>®<S>£^^ 
Data[l] «^$<6<^^ 

srcik hjtjtjtjtjtjtjtjt^^ 

Figure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 258* Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 169. Order in which the even and odd dots are loaded for printhead Arrangement 2 









Odd 


Loaded first in 
descending order. 


Loaded second in 
descending order. 


Even 


Loaded second in 
ascending order. 


Loaded first in 
ascending order. 
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Figure 259 shows how the dot data is demultiplexed within the printheads. 
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Figure 259. Demultiplexing of data within the printheads in Arrangement 2 

Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed page. 

DatafO] <®©€^ 
Datafl] <©@^^ 

srcik n_JTjnj"ijnjnjnjnj^ 

Figure 260. Signalling for a Type 0 printhead in Arrangement 2 

Data[0] ^^Kg^^ 
Datall] ^@X@^^ 
SrClk HJTJTJTJTJTJTJTJ^ 

Figure 261. Signalling for a Type 1 printhead in Arrangement 2 

35.4.3 Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Arrangement 1 is the reverse of the sequence for 
same printhead in Arrangement 2 in terms of the order in which the color plane data is output, as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 1 70, it can be seen that the plane which has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also, the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement. 
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If the device controlling the printheads can re-order the bits according to the following criteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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Figure 262. All 8 Printhead Arrangements 





Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 



J^^^S^R^nntheadgJ^^: 




^iWg ht I sid^^f; p3j^^|^9S^* 


Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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# 

S3 



Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 









Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
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